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Abstract 
 
The research described in the thesis concerns phase transformations and fatigue 
properties in the Ti-6Al-4V alloy. The need to weld the alloy for certain engine 
components can expose the alloy locally to non-optimum thermal cycles and it is 
therefore of importance to gain an understanding of the kinetics involved in the phase 
transformations during heating and cooling. Moreover, for the purpose of modelling 
and computer simulations of heat treatments and welding processes, quantitative 
descriptions of the transformation are necessary. One focus in this work has been to 
examine the feasibility of using high temperature X-ray diffraction (HT-XRD) to 
study the phase transformation kinetics. In addition, two components of Ti-6Al-4V 
produced by ring-rolling and closed die forging, respectively, showed unexpected 
differences in low cycle fatigue (LCF) under certain loading conditions. Quantitative 
metallographic studies and texture examinations were conducted in order to find 
possibly reasons for the observed difference in fatigue properties.   
 
The HT-XRD technique was successfully used to monitor the alpha-to-beta transition 
during heating and the beta-to-alpha transition during cooling and including the 
transformation kinetics during isothermal hold. From the recorded spectra the thermal 
expansion properties for the alpha and beta phases could be extracted up to a 
temperature of 1050°C, enabling the determination of the overall thermal expansion 
for the alloy by using rule of mixture (ROM) calculations. 
 
Quantitative metallographic studies revealed that the closed die forged material 
exhibited a finer primary alpha grain size and a finer Widmanstätten platelet colony 
size which would be expected to provide a superior resistance to fatigue crack 
initiation. Observed differences in the texture of the two materials as determined by 
electron back-scattered diffraction might also have contributed to the difference in 
fatigue properties. 
 
 
Keywords: Ti-6Al-4V, phase transformation kinetics, thermal expansion, phase 
volume fraction, physical properties, HT-XRD. 
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1. Introduction 
Titanium alloys are used extensively in aerospace applications such as components in 
aero-engines and space shuttles, mainly due to their superior strength to weight ratio. 
For these demanding applications functionality and reliability of components are of 
great importance. Therefore research aiming towards better knowledge and 
understanding of all processes in the manufacture of titanium components from 
mineral ore to finished parts are of great significance, not only for the purpose of 
developing new stronger materials but also for the optimisation of already existing 
processes. The most commonly used titanium alloy is the two phase (α+β) alloy, Ti-
6Al-4V. The existence of the α/β transformation means that a variety of 
microstructures and property combinations can be achieved in the alloy through 
thermo mechanical processing thus permitting the adaptation of properties to specific 
applications. The need to weld the alloy for certain engine components can expose the 
alloy locally to non-optimum thermal cycles and it is therefore of importance to gain 
an understanding of the kinetics involved in the phase transformations during heating 
and cooling. Moreover, for the purpose of modelling and computer simulations of 
heat treatments and welding processes, quantitative descriptions of the 
transformations are necessary. 
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2. Background 
This section contains an overview of titanium alloy characteristics, their physical 
metallurgy, and the production and manufacturing of titanium and its alloys. 
  
 
2.1 Industry and applications 
Titanium alloys have found application in a variety of fields. In chemical, 
petrochemical and marine environments titanium alloys have been found to be largely 
immune to corrosion related failure. The biocompatibility of this metal is greatly 
appreciated for medical use, in that worn out or broken body parts can be replaced 
with new artificial titanium made components, such as artificial knees, hip-joints and 
teeth. Consumer goods are another more recent area of application, such as cameras, 
watches, jewellery and sports equipment. However one of the largest users of titanium 
is still the aerospace industry, where titanium alloys are used as material in 
compressor discs and blades in jet engines and airframe structures in aircrafts, space 
rockets and satellites. The main reason for the large use of titanium alloys in 
aerospace industry applications is their high specific strength ratio. Figure 2.1.1 shows 
a comparison of the specific strength vs. temperature for several different materials. 
As can be seen, titanium alloys have a higher specific strength than most other 
metallic materials up to a temperature range of 400-500°C. Even though composites 
have a much greater specific strength than all other metallic materials, their 
applicability in aerospace applications, such as jet-engine components, is to a large 
extent diminished by their poor toughness and ductility and limited temperature 
capability.  
 
 

Figure 2.1.1. A comparison of specific tensile strength vs. temperature for various materials. From top 
to bottom the curves at room temperature are for composites, Ti-6Al-4V, IMI685, Aluminium, 
Nimonic 90 and Inco 901, steel [1]. 
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One major effort in the jet engine industry development is to increase the working 
temperature in the engine to improve the efficiency of the fuel burning process. This 
demands new materials suited to higher temperature service. Taking a glance into the 
last half-decade of titanium alloy development, Table 2.1.1 shows year of introduction 
and maximum working temperature for several different titanium alloys. As can be 
seen, the most common titanium alloy used today, Ti-6Al-4V, was introduced as early 
as in the mid 50:ies with a maximum working temperature range of 300°C. The 
highest temperature that a titanium alloy can be used at today lies just below 600°C, 
the alloy IMI-834. By implementing adequate cooling design, coating processing or 
combination of different materials the maximum working temperature range of 
titanium alloys can be increased even more. 
 
Table 2.1.1. Introduction year and maximum working temperature for several titanium alloys [2]. 
 
Name Composition (wt%)  Introduction Max. working 
    year temperature (°C)  

Ti-64 6Al,4V   1954 300 
IMI-550 4Al,2Sn,4Mo, 0.5Si  1956 425 
Ti-811 8Al,1Mo,1V   1961 400 
IMI-679 2Al,11Sn,5Zr,1Mo,0.2Si  1961 450 
Ti-6246 6Al,2Sn,4Zr,6Mo  1966 450 
Ti-6242 6Al,2Sn,4Zr,2Mo  1967 450 
IMI-685 6Al,5Zr,0.5Mo,0.25Si  1969 520 
Ti-11 6Al,2Sn,1.5Zr,1Mo, 0.1Si,0.3Bi     1972 540 
Ti-17 5Al,2Sn,2Zr,4Mo,4Cr  1973 ≈350 
Ti-6242S 6Al,2Sn,4Zr,2Mo,0.1Si  1974 520 
IMI-829 5.5Al,3.5Sn,3Zr,0.3Mo,1Nb,0.3Si 1976 580 
IMI-834 5.5Al,4Sn,4Zr,0.3Mo,1Nb,0.5Si,0.06C 1984 590 

 
 
2.2 Common titanium alloys and physical metallurgy 
Pure titanium undergoes an allotropic transformation from hcp (α) to bcc (β), see 
Figure 2.2.1, when the temperature is raised through 882 °C. Alloying elements that 
are dissolved in titanium can either i) stabilize the α phase by raising the α-β 
transition temperature (simple metals (SM) and most interstitial elements), ii) stabilize 
the β phase by lowering the α-β transition temperature (transition metals (TM) and 
noble metals), or iii) act only as solid solution strengtheners and not affect the 
transition temperature.  Of the interstitial elements, nitrogen, carbon and especially 
oxygen, have a strong α-stabilizing effect and thereby raise the transus temperature, 
whereas hydrogen, which has a β stabilizing affect, lowers the transus temperature. 
Increasing the amount of interstitial elements lead to a drastic increase in strength (see 
Figure 2.3.2 in section 2.3) but at the same time a sharp drop in ductility and with an 
increased risk of embrittlement [4]. Some of the most common alloying elements and 
their stabilizing effect are shown in Table 2.2.1. In the alloys the α-phase and β-phase 
regions are not adjacent as they are in pure titanium, but separated by a two-phase 
α+β region whose width increases with increasing solute concentration. Titanium 
alloys are therefore divided into three major groups, α alloys, α+β alloys and β alloys, 
depending on type and amount of alloying elements which decide the phases that 
dominate at room temperature.  
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Figure 2.2.1. The two main crystal structures of titanium [3,4]. 
 
 
Table 2.2.1. Common alloying elements and their stabilizing effect [4]. 
 
Alloying element Range (wt%)  Effect on structure 
 
Aluminium  2 to 7  Alpha stabilizer 
Tin  2 to 6  Alpha stabilizer 
Vanadium  2 to 20  Beta stabilizer 
Molybdenum  2 to 20  Beta stabilizer 
Chromium  2 to 12  Beta stabilizer 
(Copper)  2 to 6  Beta stabilizer 
Zirconium  2 to 8  Alpha and beta strengthening 
Silicon  0.2 to 1  Improves creep resistance 
 
 
α alloys 
Pure titanium and titanium alloys with α stabilizers such as aluminium and tin, both 
singly or in combination, are hcp at ordinary temperatures and therefore classified as 
α alloys, as for example the commercial alloy Ti5Al-2.5Sn. Depending on 
concentration, the α stabilizing solute will more or less elevate the (α+β)/α transus 
temperature. These solutes are generally non transition metals, simple metals (SM) 
that is. The α stability based on electron-screening can be explained in the following 
way: When simple metals, such as aluminium, are dissolved in titanium, only few 
electrons appear at the Fermi level, most electrons go to states in the lower part of the 
band. The titanium d-electrons tend to avoid the aluminium atoms, which then work 
as diluting constituents in the sublattice of titanium. This then leads to a strengthening 
of any pre-existing Ti-Ti bond directionality and thus preservation of the titanium hcp 
crystal structure characteristic. In general, when simple metals are added to titanium, 
the fields of titanium-like α stability are eventually terminated by the formation of 
intermetallic compounds, of composition Ti3SM, which also have hexagonal structure 
[3].  
 
α+β alloys  
The alloys belonging to the α+β system contain one or more α stabilizing or α 
soluble element together with one or more β stabilizing element. At room temperature 

 Hexagonal Close Packed 
HCP, α phase 

Body Centred Cubic 
BCC, β phase 
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equilibrium these alloys usually support a mixture of α and β phases, to an extent 
depending on the amount and type of β stabilizing element [3,4].   
 
β alloys 
The transition-metal (TM) solutes stabilize the bcc phase, so all β alloys generally 
contain large amounts of one or more of the so-called “β-isomorphous”-forming 
additions, vanadium, niobium, tantalum (transition metals group V), and molybdenum 
(group VI transition metal) [3]. β alloys, despite the name, are actually metastable, and 
cold work at ambient temperature or heating to a slightly elevated temperature can 
result in partial transformation to α phase. After solution treatment, metastable β 
alloys are usually aged at temperatures of 450°C to 650°C in order to partially 
transform the β phase to α. The alpha then forms as finely dispersed particles in the 
retained β, and strength levels comparable to, or even superior to, those attainable in 
aged α+β alloys can be achieved [4].  
 
 
2.3 Processing and manufacturing of titanium alloys 
During processing from ore to finished product titanium metal passes through four 
different steps, they are: 1) The reduction of titanium ore to a porous form of titanium 
metal, referred to as sponge; 2) Melting of sponge or sponge and a master alloy to 
form an ingot; 3) Primary fabrication when ingots are converted into general kinds of 
mill products; 4) Secondary fabrication of the mill products into finished shapes. 
Figure 2.3.1 shows a schematic sketch of the processing and manufacturing steps 
involved. 
 

 
Figure 2.3.1. Overview of titanium production cycles [4]. 
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Figure 2.3.1. (continued) [4]. 
 
 
Titanium sponge must meet very strict specifications in order to assure control of the 
composition in the ingots. The most important factor is to keep the content of hard, 
brittle and refractory titanium oxides, titanium nitrides or complex titanium oxynitride 
particles at a zero level. These particles may, if retained through subsequent melting 
operations, act as crack initiation sites in the final product. Residual elements 
commonly found in sponge are oxygen, carbon, nitrogen, silicon and iron. These 
elements have been shown to raise the strength and lower the ductility of final 
products (see Figure 2.3.2), and must therefore be kept at acceptable low levels. 
 

 
Figure 2.3.2. The effect of interstitial element content on strength and ductility of unalloyed titanium [4]. 
 
 
Titanium sponge is manufactured by first chlorinating rutile ore (TiO2) and then 
reducing the resulting TiCl4 with either magnesium or sodium metal (see Figure 
2.3.1). Sodium-reduced sponge is leached with acid to remove the NaCl, the by-
product of the reduction. Magnesium-reduced sponge may be leached, inert gas swept 
or vacuum distilled, to remove the MgCl2 by-product. Today, modern melting 
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techniques remove volatile substances from the sponge, leading to ingots of high 
quality regardless of which method is used for sponge production. 
 
Vacuum arc melting (VAM) is the principal method used for production of titanium 
alloy ingots. Ingot sizes normally range between 75 mm to 1.5 m in diameter. The 
process involves melting and remelting for refining purposes, a consumable electrode 
by means of a DC arc under vacuum or a low partial pressure of argon. The molten 
metal then solidifies in water-cooled copper crucibles. The rate of the melting and 
solidification depend on the melting power (current and voltage), thermo physical 
properties of the ingot material, and the heat transfer properties for the ingot-crucible 
interface. Some of the advantages of this process are the removal of dissolved gases 
such as hydrogen and nitrogen, giving a minimal amount of unwanted trace elements 
having high vapour pressures, and minimization of macro segregation. The grain 
structure produced during solidification is strongly dependent on the cooling rate; in 
general a higher cooling rate results in a finer grain structure and a more homogenous 
as-cast microstructure. The macrostructure of as-cast alpha/beta titanium ingots 
melted by VAM are usually divided into three different zones: a) the surface region, 
closest to the water cooled copper crucible wall and bottom, consisting of fine solid 
equiaxed grains formed during rapid cooling of the liquid metal; b) a region of large 
columnar grains (often several thousand microns in size) growing from the outer rim 
into the bulk and parallel to the temperature gradient; and c) a zone lying in the mid-
region along the ingot axis consisting of equiaxed grains. This type of solidification 
pattern often gives rise to a type of macrosegregation, known as beta flecks, typically 
in alloys containing beta stabilizing elements, such as chromium and copper. The 
partitioning coefficients for these elements are substantially less than unity, so these 
elements then partition to the liquid phase during solidification thereby lowering its 
melting point and segregating to the centre of the ingot. When ingots containing such 
macrosegregation are worked or heat-treated just below the nominal beta transus of 
the alloy, regions of single beta phase, or beta flecks, with somewhat lower beta 
transus temperature are formed. Due to the large scale over which such chemical 
inhomogeneities are found, their elimination during thermomechanical processing can 
be difficult. Faster solidification rates have been shown to alleviate the 
macrosegregation causing the beta fleck formation, but increasing the solidification 
rate leads to an increased risk of micro segregation were differences of chemical 
composition in different areas in the molten metal can lead to compositional 
variations in the solidified ingot [5]. 
 
After ingot formation, primary fabrication is carried out during which the coarse and 
inhomogeneous ingot structure is broken down by preheating and forging in the single 
beta phase field, usually at temperatures 100-150°C above the beta transus. 
Recommended hot working temperatures for near-α and α+β titanium alloys are 
shown in Table 2.3.1. Hydraulic presses with moderate deformation rates are most 
common. Breakdown forging operations are divided into two separate types for 
conventional titanium alloys, cogging and upsetting. Their major difference is in how 
the forging dies are worked, the round ingot being side pressed between flat dies 
along the ingots length during cogging, while in upsetting the ingot is pressed along 
the ingot axis. The main heat losses during ingot breakdown processing are confined 
to the chilling of the hot metal in contact with the cooler dies and the radiation of heat 
to the surrounding. Furthermore the heat losses at the surface regions are greater than 
in the interior, and the temperature in the centre may even increase due to deformation 
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energy release effects. In order to introduce a reasonable amount of hot work in the 
ingot for following heat treatment, the final reduction during the ingot breakdown 
forging is usually controlled so that the temperature here lies below the beta transus 
temperature. 
 
Table 2.3.1. β-transus temperatures and recommended hot-working temperatures for near-α and 
α+β titanium alloys [5]. 

 
Alloy 

β-transus 
temperature 

(°C) 

Ingot 
breakdown 

(°C) 

Secondary hot working 
(°C) 

Ti-5Al-2.5Sn 1040 1120-1175 900-1010 
Ti-8Al-1Mo-1V 1040 1120-1175 930-1010 
Ti-6Al-4V 995 1095-1150 860-980 
Ti-6Al-2Sn-4Zr-2Mo 990 1095-1150 920-975 
Ti-6Al-2Sn-2Zr-2Mo-2Cr 980 1070-1130 870-955 
Ti-6Al-6V-2Sn 945 1035-1095 845-915 
Ti-6Al-2Sn-4Zr-6Mo 940 1030-1090 850-910 
Ti-4.5Al-5Mo-1.5Cr 925 1015-1070 850-910 
Ti-17 (Ti-5Al-2Sn-2Zr-4Cr-
4Mo) 

885 990-1050 800-865 

 
 
Due to the temperature variations across the ingot during breakdown processing, the 
forged ingot microstructure can also be expected to be somewhat non-uniform with 
variations in the amounts of globular (primary) α and transformed β (Widmanstätten) 
across the section. In order to keep this microstructural variation at a minimum, a heat 
treatment at a temperature 50-75°C above the β transus is usually applied after the 
breakdown forging. The stored work in the ingot helps drive the recrystallization to 
completion and the heating time is kept at a minimum to prevent excessive grain 
growth. However, normal as-heat-treated grain sizes are of the order of 500 µm. 
During cooling, following this heat treatment, α phase forms in the prior β grain 
boundaries and platelet/basketweave α forms within the β grains via a Widmanstätten 
transformation. The grain boundary α phase is deleterious to subsequent subtransus 
hot workability, so to minimize the thickness of this grain boundary α a high cooling 
rate is preferred, which also leads to a finer platelet/basketweave α structure within 
the prior β grains [5]. 
                   
Any of several factors or a combination of these factors, during each of above steps 
may affect the mechanical and physical properties of the finished titanium product. 
Some of the most important factors are amounts of specific alloying elements and 
impurities, melting process used to produce the ingot, methods for mechanically 
working ingots into mill products, fabrication and heat treatment employed in the final 
step of working. Since titanium and its alloys are so readily influenced by processing, 
great care must be taken in controlling the conditions and environment during which 
the processing is carried out. At the same time, this characteristic of titanium makes it 
possible for the titanium industry to accommodate a wide range of applications with a 
minimum number of alloys or grades. A broad range of specific properties can be 
produced in commercially pure titanium and titanium alloys by only varying thermal 
and/or mechanical processing [4]. 
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3. Thermomechanical treatment and microstructure 
The mechanical properties and microstructure of titanium alloys are strongly 
dependent on processing history and heat treatment [3,4,6,7]. For example, when an 
alloy is hot worked and heat treated in the α+β phase field, below the β transus, it 
develops a duplex microstructure consisting of primary α and transformed β (see for 
example Figure (5.3.1)). The primary α forms through nucleation and growth during 
the α+β working operation and its morphology can vary from elongated plates in 
lightly worked material to equiaxed globular morphology in heavily worked material. 
The equiaxed morphology is a result of recrystallization. Nevertheless, it has been 
found in the present work that the formation and growth of globular α is not 
necessarily limited to deformation/recrystallization processes; the formation and 
growth of globular α is also enhanced by very slow cooling rates from high up in the 
α+β phase field (see Figure 5.3.1.1). Transformed β refers to regions which were beta 
phase at the solution treatment temperature, annealing temperature, or finishing 
temperature of the hot working operation and can also have a varied morphology 
mainly depending on the cooling rate and composition. During fast cooling the β 
phase can transform martensitically into α (see for example Figure (5.3.4.5)) while at 
slower cooling rates it transforms to Widmanstätten plates of α by nucleation and 
growth. Sometimes metastable β can be retained down to room temperature, 
depending on composition. When the finishing or solution treatment temperatures are 
above the β transus, the microstructure consist entirely of transformed β (see for 
example Figure (5.3.3.6)).  
 
α martensite decomposes during subsequent aging to precipitate fine beta, which 
gives useful increments in strength [7]. For thick sections, martensite is difficult to 
form because of the low thermal conductivity of titanium. It is also difficult to form 
martensite in lean beta-stabilized alloys because the kinetics of the competing 
widmanstätten nucleation and growth mechanism is more rapid. 
 
The Widmanstätten α can have several different morphologies. Slow cooling rates 
favour the formation of similarly aligned α platelets in colonies, together with prior β 
grain boundary α. Faster cooling rates and higher β stabilizing contents favour a more 
basketweave type of structure. Some authors consider the basket weave structure to be 
merely a finer form of Widmanstätten morphology [7], whereas others [8] distinguish 
between the basketweave morphology and the Widmanstätten morphology, stating 
that in the former the nucleation and growth of α plates starts not only from the β 
grain boundaries but also within the β grains. The latter distinction is preferred by the 
present author and will be adhered to here. Metastable β decomposes upon subsequent 
aging to precipitate fine α, which also gives useful increments in strength. More 
recent work [6] has revealed the possibility of precipitating very fine secondary α in 
lamellar structures to give a so called bi-lamellar microstructure, leading to enhanced 
strength of the alloy. The more weakly stabilized the β phase is, the larger the volume 
fraction of α is that can be precipitated and the higher the strength that can be 
achieved.       
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4. Mechanical properties 
Mechanical properties of α alloys 
Satisfactory strength, toughness, creep resistance and weldability characterize these 
alloys. The absence of ductile-to-brittle fracture behaviour, commonly occurring in 
bcc alloys, makes α alloys suitable for cryogenic applications (typified by Ti-5Al-
2.5Sn) [3]. 
 
Mechanical properties of α+β alloys 
The properties of α+β alloys can be controlled by heat treatment, which is used to 
adjust the microstructural and precipitation states of the β component. This leads to 
the advantage that components with a wide range of mechanical properties can be 
produced. α+β alloys generally exhibit good fabricability, high room temperature 
strength and moderate elevated temperature strength [3,4].   
 
Mechanical properties of β alloys 
In the solution treated condition (100% retained β) β alloys have good ductility and 
toughness, low basic strength but excellent formability. Due to the precipitation of α 
at slightly elevated temperatures, the β alloys in the solution treated condition are not 
suitable for elevated temperature service without prior stabilization or over-aging 
treatment. However aging of β alloys (precipitation of α) will generally lead to 
fracture toughness values higher than for aged α+β alloys of comparable yield 
strength [4]. Table 4.1 shows a schematic relationship between the effect of alloying 
elements on structure and selected alloy characteristics. 
 
Table 4.1. Alloying effect on structure and selected properties of Ti alloys [3,4]. 
 
α alloys Unalloyed titanium -Higher density   
 Ti-5Al-2.5Sn  -Increasing heat treatment   
    response    
Near-α Ti-8Al-1Mo-1V  -Higher short time strength  
 Ti-6Al-2Sn-4Zr-2Mo -Increasing strain rate 
    sensitivity  
α+β alloys Ti-6Al-4V  -Improved fabricability  
 Ti-6Al-2Sn-6V 
 
Near-β Ti-6Al-2Sn-4Zr-6Mo   -Higher creep 
 Ti-3Al-10V-2Fe    strength 
     -Improved 
β alloys Ti-13V-11Cr-3Al    weldability 
 Ti-8Mo-8V-2Fe-3Al 
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4.1 Titanium alloys 
A summary of commercial and semi commercial titanium grades and alloys is shown 
in Table 4.1.1. 
 
Table 4.1.1. Summary of commercial and semi commercial Ti grades and alloys [4]. 
 

 Impurity limits, wt% Nominal composition, wt% 

Designation YS 
(MPa) 

TS 
(MPa) 

N 
(max)

C 
(max)

H  
(max) 

Fe 
(max)

O 
(max)

Al Sn Zr Mo Others 

Unalloyed grades             
ASTM Gr.1 170 240 0.03 0.10 0.015 0.20 0.18 …. …. …. …. …. 
ASTM Gr.2 280 340 0.03 0.10 0.015 0.30 0.25 …. …. …. …. …. 
ASTM Gr.3 380 450 0.05 0.10 0.015 0.30 0.35 …. …. …. …. …. 
ASTM Gr.4 480 550 0.05 0.10 0.015 0.50 0.40 …. …. …. …. …. 
ASTM Gr.7 280 340 0.03 0.10 0.015 0.30 0.25 …. …. …. …. 0.2 Pd 

α and near-α alloys             
Ti-0.3Mo-0.8Ni 380 480 0.03 0.10 0.015 0.30 0.25 .… .… .… 0.3 0.8 Ni 
Ti-5Al-2.5Sn 760 790 0.05 0.08 0.02 0.50 0.20 5 2.5 …. …. …. 
Ti-5Al-2.5Sn-ELI 620 690 0.07 0.08 0.0125 0.25 0.12 5 2.5 …. …. …. 
Ti-8Al-1Mo-1V 830 900 0.05 0.08 0.015 0.30 0.12 8 .… .… 1 1 V 
Ti-6Al-2Sn-4Zr-2Mo 830 900 0.05 0.05 0.0125 0.25 0.15 6 2 4 2  
Ti-6Al-2Nb-1Ta-0.8Mo 690 790 0.02 0.03 0.0125 0.12 0.10 6 .… .… 1 2 Nb, 1 Ta 
Ti-2.25Al-11Sn-5Zr-1Mo 900 1000 0.04 0.04 0.008 0.12 0.17 2.25 11.0 5.0 1.0 0.2 Si 
Ti-5Al-5Sn-2Zr-2Mo (a) 830 900 0.03 0.05 0.0125 0.15 0.13 5 5 2 2 0.25 Si 
α+β alloys             
Ti-6Al-4V (b) 830 900 0.05 0.10 0.0125 0.30 0.20 6.0 …. …. …. 4.0 V 
Ti-6Al-4V-ELI (b) 760 830 0.05 0.08 0.0125 0.25 0.13 6.0 .… .… .… 4.0 V 
Ti-6Al-6V-2Sn (b) 970 1030 0.04 0.05 0.015 1.0 0.20 6.0 2.0 .… .… 0.75 Cu, 6.0 V 
Ti-8Mn (b) 760 860 0.05 0.08 0.015 0.50 0.20 .… .… .… .… 8.0 Mn 
Ti-7Al-4Mo (b) 970 1030 0.05 0.10 0.013 0.30 0.20 7.0 .… .… 4.0 .… 
Ti-6Al-2Sn-4Zr-6Mo (c) 1100 1170 0.04 0.04 0.0125 0.15 0.15 6.0 2.0 4.0 6.0 .… 
Ti-5Al-2Sn-2Zr-4Mo-4Cr (a, c) 1055 1125 0.04 0.05 0.0125 0.30 0.13 5.0 2.0 2.0 4.0 4.0 Cr 
Ti-6Al-2Sn-2Zr-2Mo-2Cr (a, b) 970 1030 0.03 0.05 0.0125 0.25 0.14 5.7 2.0 2.0 2.0 2.0 Cr, 0.25 Si 
Ti-3Al-2,5V (d) 520 620 0.015 0.05 0.015 0.30 0.12 3.0 .… .… .… 2.5 V 

β alloys             
Ti-10V-2Fe-3Al (a, c) 1100 1170 0.05 0.05 0.015 2.5 0.16 3.0 …. …. …. 10.0 V 
Ti-13V-11Cr-3Al (c) 1100 1170 0.05 0.05 0.025 0.35 0.17 3.0 …. …. …. 11.0 Cr, 13.0 V 
Ti-8Mo-8V-2Fe-3Al (a, c) 1100 1170 0.05 0.05 0.015 2.5 0.17 3.0 …. …. 8.0 8.0 V 
Ti-3Al-8V-6Cr-4Mo-4Zr (a, c) 830 900 0.03 0.05 0.020 0.25 0.12 3.0 …. 4.0 4.0 6.0 Cr, 8.0 V 
Ti-11.5Mo-6Zr-4.5Sn (b) 620 690 0.05 0.10 0.020 0.35 0.18  4.5 6.0 11.5 …. 

(a) Semi commercial alloy, mechanical properties and composition limits subject to negotiation with suppliers. (b) Mechanical 
properties given for annealed condition, may be solution treated and aged to increase strength. (c) Mechanical properties given 
for solution treated and aged condition, alloy normally not applied in annealed condition. Properties may be sensitive to section 
size and processing. (d) Primarily a tubing alloy, may be cold drawn to increase strength. 
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4.2 Ti-6Al-4V 
This alloy is an α+β alloy, with 6 wt% aluminium stabilizing the α phase and 4 wt% 
vanadium stabilizing the β phase. At room temperature the microstructure at 
equilibrium consists mainly of the α phase (hcp) with some retained β phase (bcc). 
Depending on cooling rate and prior heat treatment the micro constituents and 
microstructures are divided into several types, namely grain boundary allotriomorph 
α, globular or primary α (called bi-modal microstructure when the globular α is 
surrounded by Widmanstätten platelets), Widmanstätten, basketweave, and 
martensitic. A recently described microstructure is the bi-lamellar, in which the 
retained β phase, lying between the α platelets in a Widmanstätten structure, itself 
contains thinner secondary α platelets [6]. 
 
For very slow cooling rates from high up in the α+β region or above the β-transus 
temperature (995°C ± 20°C) the β phase mainly transforms into a globular type of α. 
Increasing the cooling rate enhances the α nucleation rate in the β grain boundaries 
thereby enhancing the formation and growth of α platelets into the prior β grains. The 
length and width of these α platelets are determined by the cooling rate, an increased 
cooling rate enhancing the nucleation rate and slowing the diffusion process (growth 
rate). For age hardening purposes, this cooling rate determines whether precipitation 
of coherent Ti3Al particles, the so-called alloy element partitioning effect, is possible 
(discussed more further down in this chapter). At a certain point the cooling rate is 
fast enough for nucleation of α to occur inside the prior β grains as well, leading to 
the formation of the basketweave structure. Finally, if quenched, the β phase will fully 
or partly transform into a martensitic type of α. This martensite exists in two different 
forms, α’ having hexagonal structure and α’’ having an orthorhombic crystal 
structure [5,8]. The type and amount of α’ and/or α’’ formed upon quenching depends 
on the chemical composition of the β phase existing at temperature prior to 
quenching. The β phase experiences large compositional variation, which is reflected 
in significant mechanical property changes [9]. Vanadium enrichment of the β phase 
occurs in proportion to the reduction of the volume fraction of β phase. At vanadium 
contents ≥15 wt%, the β phase is stabilized and retains its bcc crystal structure upon 
quenching. When β phase with 10 ± 2 wt% vanadium is quenched (from a 
temperature range of approximately 750-900°C), it partly retains the bcc structure and 
partly transforms into soft orthorhombic α’’ martensite. The higher the solution heat 
treatment temperature, the smaller is the vanadium enrichment in the β phase, leading 
to transformation into hexagonal α’ upon quenching (from temperatures above 
900°C) [9,10]. Figure 4.2.1 is a schematic illustration of the microstructures resulting 
from quenching from various temperatures. The figure attempts only to illustrate the 
principle transformations upon quenching; in reality mixtures of both α’, α’’ and 
metastable/stable β can occur, depending on chemical compositional variations. 
 
The grain boundary allotriomorph α phase starts to form as soon as the temperature 
drops below the β transus temperature. To what extent it then continues to grow along 
β grain boundaries depends on the cooling rate. In the present work no trace of grain 
boundary allotriomorph α was observed when the cooling rate was very slow; only 
the globular type of α was observed. When the transformation into the platelet type of 
α phase dominated (at moderately fast cooling rates) the grain boundary α was also 
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visible, decreasing in amount and thickness with increasing cooling rate (see chapter 
5.4 for further information). 
 

Figure 4.2.1. A schematic illustration of microstructures occurring in Ti-6Al-4V after quenching from 
different temperatures [5,8,9,10]. 
 
 
The relationship between microstructure and mechanical properties of Ti-6Al-4V will 
now be addressed in more detail. Beginning with the fatigue properties, the 
dominating factor for high cycle fatigue (HCF) is the resistance to crack nucleation, 
whereas for low cycle fatigue (LCF) the resistance to propagation of the small surface 
cracks (micro cracks) is important. Colony boundaries as well as martensitic plates are 
strong obstacles to micro crack propagation. Consequently LCF strength generally 
improves with increasing cooling rate (decreasing colony size). According to 
Lutjering [6] the most important microstructural parameter determining the mechanical 
properties, for α+β titanium alloys, is the α colony size. With decreasing α colony 
size (decreasing slip length) the yield strength, the ductility, the crack propagation 
resistance (together with the crack nucleation resistance determining the LCF 
strength) are improved, whereas only the macro crack propagation resistance and 
fracture toughness are improved by a large α colony size. The latter effects are 
probably due to increased crack roughness and crack closure phenomena. The α 
colony size depends on the cooling rate from the β phase field and the β grain size, 
which limits the maximum α colony dimensions [6].  
 
Another important parameter also shown to affect the mechanical properties for this 
alloy is the alloying element partitioning effect. The β phase contains lower 
concentration of those elements (especially oxygen) that promote age hardening by 
formation of coherent Ti3Al particles. This partitioning has the consequence that the α 
plates (lamellaes) formed from the β phase upon cooling will not respond as well to 
age hardening as globular (primary) α. Since for Ti-6Al-4V, the Ti3Al solvus 
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temperature is about 550°C aging at 500°C will precipitate Ti3Al particles whereas 
heat treatment at 600°C or above will only lead to stress-relief. The alloy partitioning 
effect increases with the volume fraction globular α, leading to a lower strength 
within the platelet region of the bi-modal microstructure as compared to that in fully 
platelet structure. The partitioning effect has a negligible influence on ductility, on the 
propagation behaviour of micro- and macrocracks and on fracture toughness, there 
being determined mainly by the α colony size. The dependence of yield strength on 
αp volume fraction, is determined both by the α colony size effect and the alloy 
element partitioning effect and usually shows a maximum between 10 and 20 vol% 
αp. For small volume fractions of αp the colony size effect dominates and for large 
volume fractions of αp the alloy element partitioning effect dominates [6]. 
 
The mechanical properties of Ti-6Al-4V are also affected by the texture of the alpha 
phase. Forming processes are usually performed by hot rolling or hot forging in the β 
phase field or in the α+β phase field which generally induces relatively sharp textures 
in the α phase formed upon cooling. Thus, adaptation of properties for a given 
application requires good control of the induced texture. Various investigations have 
been carried out to study the influence the deformation parameters (temperature, 
degree and rate) on microstructures and texture [11]. N. Gey et. al. [12] found that in hot 
rolled Ti-6Al-4V products the degree of deformation in the β field (high temperature) 
significantly affects the inherited selection of the resulting α texture. Albrect et. al. [13] 
have made some well-defined comparisons between texture and mechanical properties 
for Ti-6Al-4V. Their work shows that the orientation of the basal plane with respect to 
the loading direction is of primary importance. The yield stress was highest when the 
loading direction was normal to the basal plan and lowest at an orientation of 45° 
giving a maximum shear stress on the basal plane. They also proved that the ductility 
was hardly affected by texture. Regarding high cycle fatigue (HCF) they found that 
highest fatigue life in vacuum is achieved for a TD-orientation (loading axis normal to 
the basal plane), whereas in an atmosphere of air the fatigue life drops dramatically. 
For RD-orientation (loading axis parallel to basal plane) the high cycle fatigue 
properties did not seem to be affected at all by environment. This is explained by the 
high normal stresses on the basal plane in the TD-orientation facilitating hydrogen 
(from the air) entry and diffusion, thereby causing embrittlement. In the RD-
orientation the normal stresses on the basal plane are zero, so no embrittlement is 
observed. 
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5. Own experimental results 
This section summarizes the published papers I, II and III, and contains 
complementary work. It also contains several micrographs of heat treated specimens 
of the Ti-6Al-4V alloy, that have not yet been published. 
 
5.1 Contrastive study of ring-rolled and closed die forged Ti-6Al-4V 
In aerospace applications, such as engine components, Ti-6Al-4V is a commonly used 
alloy for components working at moderately high temperatures. In this study two 
components in a compressor, a disc manufactured by closed die forging and a case 
manufactured by ring rolling, showing significant fatigue life differences were 
examined. The relationship between thermomechanical history and the resulting 
microstructure are complicated [6] but in this case the two processes led to similar 
bimodal microstructures consisting of around 30 vol% primary globular α surrounded 
by a transformed β structure (widmanstätten/lamellar). Previous studies [6,10,13-23] have 
shown that the fatigue properties depend in a complex way on the morphology of this 
type of microstructure, for example, fraction and particle size of primary α, lamellae 
colony size, lamellae width, crystallographic texture etc. There are also indications 
that the partitioning of alloying elements between the primary α and transformed β 
may be significant [6,23]. These aspects have been investigated in this work. The ring 
rolled specimens were found to have an overall coarser microstructure as well as a 
more pronounced texture. Thus the inferior fatigue strength of ring rolled specimens 
could be due to a combination of these unfavourable factors. This work is presented in 
more detail in paper I.  
 
 
5.2 Introduction to X-ray diffraction 
An important aspect of the present work has been the use of X-ray diffraction, and in 
particular high temperature X-ray diffraction (HT-XRD) to study the phase 
transformations in Ti-6Al-4V (papers II and III). In this section some background to 
the XRD technique will be presented. 
 
X–rays were discovered in 1895 by the German physicist Wilhelm Röntgen and 
named after him. These rays were invisible, unlike ordinary light, but they travelled in 
straight lines and affected photographic film in the same way as ordinary light. 
Moreover they were shown to be able to penetrate much more than light, and could 
easily pass through the human body, wood, thick pieces of metal, and other opaque 
objects. Today we know that X-rays are electromagnetic radiation of exactly the same 
nature as light, but with a much shorter wavelength. X-rays are measured in angstrom 
(Å), equal to 10-10 m, and X-rays used in diffraction have wavelengths usually lying in 
the range of 0.5-2.5Å, as compared to the wavelength of visible light lying in the 
order of 6000Å [24].  
 
X-ray diffraction has provided a wealth of important information to science and 
industry. For example, much that is known about the arrangement and the spacing of 
atoms in crystalline materials has been determined directly from diffraction studies. In 
addition, such studies have led to a much clearer understanding of the physical 
properties of metals, polymeric materials, and other solids. X-ray diffraction also 
provides a convenient and practical means for qualitative identification of crystalline 
compounds The X-ray powder diffraction method is capable of providing quantitative 
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crystallographic information about the compounds present in a solid sample as well as 
indicating their amount [24,25]. 
 
 
5.2.1 Sample preparation 
For analytical diffraction studies, the crystalline sample is either ground to a fine 
homogeneous powder (powder diffraction), or for solid samples (for example a piece 
of solid metal) the average grain size should be kept at a minimum. In this way large 
number of small crystallites/grains are oriented in every possible direction; thus, when 
an X-ray beam transverses the material, a significant number of the particles/grains 
can be expected to be oriented in such ways that the Bragg condition for reflection is 
fulfilled from every possible interplanar spacing (see also section 5.2.2) [25]. For solid 
samples, such as pieces of metals, that are to be examined by X-ray diffraction, the 
prior thermomechanical treatment is of importance, since this may have induced 
texture into the material [6,11-14,26]. Texture means that there is a pronounced 
orientation of certain crystallographic planes in certain directions relative to the 
processing direction. This texture means that the measured intensity from certain 
favourable oriented crystallographic planes, relative to the examined sample surface, 
will be higher than in a texture free specimen where some less favourably oriented 
crystallographic planes will diffract the incoming X-ray beam less or even not at all, 
thus leading to a decrease or lack of measured intensity for these. 
 
 
5.2.2 Interpretation of diffraction patterns  
The identification of species/phases from their diffraction patterns is based upon the 
position of diffracted lines/peaks (in terms of θ, the angle of the crystal plane with 
respect to the direction of the X-ray beam) and their relative intensities. The 
diffraction angle 2θ is determined by the spacing, d, between a particular set of 
planes, in accordance. With the Bragg equation, nλ=2d sinθ, where λ is the known 
wavelength of the X-ray source. n is the order of reflection; it may take on any 
integral value, and is the path difference, in terms of number of wavelengths, between 
waves scattered by adjacent planes of atoms. 
 
The intensity of a diffracted beam depends in a complex way on several different 
factors, and is described theoretically by eq. (5.2.2.1) [24,27]: 
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Equation (5.2.2.1) consists of the following variables: 
 

• F2 is the structure factor and describes the effect of the crystal structure on the 
intensity of the diffracted beam. 

• p is the multiplicity factor, which is the number of families of planes 
independently contributing to the reflection. 

• v is the volume of the unit cell (in nm3).  
• The term in the parentheses is the Lorentz-polarization factor, which actually 

is a combination of two factors – the Lorentz factor and the polarization factor. 
The Lorentz factor deals with certain geometrical factors related to the 
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orientation of the reflecting planes in the crystal, which also affect the 
intensity of the diffracted beam. The origin of the polarization factor is that the 
incident beam from the X-ray source is unpolarized. It may be resolved into 
two plane-polarized components, and the total scattered intensity is the sum of 
the intensities of these two components, which depends on the scattering angle 
(i.e. 2θ). The Lorentz-polarization factor varies strongly with Bragg angle, θ, 
and the overall effect is that the intensity of reflections at intermediate Bragg 
angles is decreased compared to the intensities obtained at low or high angles. 

• e-2M is the temperature factor, and takes into consideration the effect of 
temperature on the intensity of the reflections in the X-ray diffraction pattern. 
At all temperatures atoms in a crystal are undergoing thermal vibration around 
their mean positions. One of the effects of this vibration is that the intensities 
of the reflections decrease as the temperature increases. Normally we consider 
each lattice plane as consisting of atoms in very well defined positions and the 
planes are perfectly flat and of uniform thickness. The thermal vibration of the 
atoms causes the spacing of the planes to be rather ill-defined, and the 
diffraction by sets of parallel planes at the Bragg angle is no longer perfect, 
resulting in an intensity loss. In the definition of the temperature factor, e-2M, 
M is a function of several variables, including the average displacement of an 
atom from its mean position (u), and the diffraction angle (2θ). Data required 
for calculation of the temperature factor for alloys and nonmetallic materials 
are not readily available, so in our work we have not taken the temperature 
factor into account. Thus, we assume that the temperature factor affects the 
hexagonal α phase and the cubic β phase in a similar way.  

 
 
5.3 Transformation experiments 
High temperature X-ray diffraction (HT-XRD) was used to study the phase 
transformation kinetics in the alloy Ti-6Al-4V. Several different heat treatments were 
performed in order to study the α β and β α phase transformations during heating 
up, isothermal hold and during cooling down. Schematic sketches of the different 
experiments are shown in Figures 5.3.2-5.3.4 below. The results from these HT-XRD 
experiments are presented in paper II and III, and some associated metallography is 
discussed in sections 5.4.1 – 5.4.3. The experimental sample set up is sketched 
schematically in Figure 5.3.1. The sample is placed on two ceramic holders, partly 
surrounded by the furnace element as shown in the figure. One thermocouple is 
placed inside the furnace element and one thermocouple is placed on the specimen 
surface. 
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Figure 5.3.1. Schematic sketch of experimental sample set up in the HT-XRD equipment.  
 

Figure 5.3.2. Schematic sketch of combined α β and β α heat treatment cycle on the basis of 
approximately continuous heating/cooling. The horizontal section represent the time taken for 
recording of spectra. 
 

Figure 5.3.3. Schematic sketch of α β heat treatments, heating up followed by isothermal hold. 
 

Figure 5.3.4. Schematic sketch of β α heat treatments, heating up to just below Tβ for equilibration 
and then cooled down to different temperatures followed by isothermal hold. 
 
 
5.4 Transformation and microstructural evolution in Ti-6Al-4V 
The quantitative high HT-XRD results are discussed in papers II and III; this section 
will focus on the metallographic study of the HT-XRD treated samples as well as 
conventionally heat-treated samples performed using an ordinary furnace. For 
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simplicity this section is divided up into: (5.4.1) - A combined study of α β and 
β α phase transformation through a continuous heating and cooling cycle during 
HT-XRD measurements; (5.4.2) - α β phase transformation study through heating 
up/isothermal hold cycles during HT-XRD measurements; (5.4.3) - β α phase 
transformation through cooling down/isothermal hold during HT-XRD measurements; 
and (5.4.4) - Conventional heating-quenching experiments. 
 
The samples used in all these experiments were cut out from a press-forged 
component of Ti-6Al-4V, having an as-received microstructure as shown in Figure 
5.4.1. The starting microstructure consists of ~30 % globular α and the rest a 
Widmanstätten like structure. The samples examined with HT-XRD (sections 5.4.1-
5.4.3) were approximately 10x10x(0.4-1) mm in size, whereas the conventionally 
heat-treated samples (section 5.3.4) were approximately 5x10x10 mm in size. The 
samples for microscopy were prepared using conventional metallographic techniques 
and were etched in Kroll’s reagent (1% HF, 2% HNO3 and 97% dest. water). The 
chemical composition (in wt%) of the examined material is 6.42% Al, 4.15% V, 
0.19% Fe, 0.15% O, 0.04% C, 0.01% N, 0.0063% H, <0.005% B, and the rest Ti.  
 

 
Figure 5.4.1. Optical micrograph of the starting microstructure of the studied alloy showing a bi-modal 
microstructure consisting of αp surrounded by transformed β (Widmanstätten structure) (530X).  
 
 
5.4.1 A combined study of α β and β α phase transformation through a 
continuous heating and cooling cycle during HT-XRD measurements. 
One sample was continuously heated up to 950°C in 142 minutes followed by 
continuous cooling to room temperature in 105 minutes. In reality the heating-cooling 
cycle was interrupted at selected temperatures in order to record X-ray spectra, each 
scan taking approximately 8 minutes (see schematic sketch in Figure 5.3.2). The 
starting microstructure is shown in Figure 5.4.1. The resulting microstructure after 
cooling down can be seen in Figures 5.4.1.1 and 5.4.1.2 showing the examined sample 
surface and the cross section, respectively. Due to the slow heating rate it is 
reasonable to expect that phase transformation equilibrium was reached after the 
isothermal hold at 950°C. The phase fractions at this temperature were approximately 
10% α phase (retained αp) and 90% β phase, as measured by HT-XRD. The slow 
cooling rate then applied promoted the nucleation and growth of large globular α 
grains, leading to a microstructure consisting of almost entirely large αp grains with 
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small fractions of retained β phase between the αp grains (verified by SEM mapping; 
high vanadium contents were found in the αp grain boundaries). The cross section 
(Figure 5.4.1.2) revealed some morphological differences could be seen in different 
areas of the sample. This is ascribed to differences in cooling rate in the sample (see 
Figure 5.3.1).       
 

  
Figure 5.4.1.1. The microstructure after the heating-cooling cycle seems to consist of more then 90 % 
primary alpha (top surface, 90X and 350X). 
 

  
Fig.5.4.1.2. Cross-section of the heating-cooling sample; the XRD-examined surface is at the top (left, 
90X). Some areas of the sample contained an elongated/lamellar type of alpha structure slightly below 
the surface (right, 20X). 
 
 
5.4.2 α β phase transformation study during heating up/isothermal hold cycles in 
HT-XRD. 
In order to study the α→β transformation kinetics in the Ti-6Al-4V alloy, several 
isothermal heat treatments were performed using HT-XRD (see schematic sketch in 
Figure 5.3.3). The isothermal temperatures were 610°C, 710°C, 800°C, and 900°C, 
and the resulting microstructures after slowly cooling down to room temperature are 
shown in Figures 5.4.2.1-5.4.2.4. These reveal an overall microstructural coarsening 
affect, both of the primary α and of the Widmanstätten structure, with increasing 
isothermal treatment temperature. The reason for this is that with increasing 
temperature the fraction of β phase that forms increase, which upon subsequent slow 
cooling transforms into coarse globular α grains and, in this case, also into coarse α 
platelets. Therefore the microstructure of the sample isothermally treated at 610°C 
(Figure 5.4.2.1) does not differ noticeably from the starting structure (Figure 5.4.1), 
due to the small amount of β phase that exists at this temperature. On the other hand 
the microstructure of the sample treated isothermally at 975°C (Figure 5.4.2.4) differs 
considerably from the starting structure, showing a similar morphology to the sample 
subjected to the continuous heating/cooling cycle (section 5.4.2, Figure 5.4.1.1). 
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Figure 5.4.2.1. 610°C (100X and 400X). 
 

  
Figure 5.4.2.2. 710°C (100X and 400X). 
 

  
Figure 5.4.2.3. 800°C (100X and 400X). 
 

  
Figure 5.4.2.4. 900°C (100X and 400X). 
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5.4.3 β α phase transformation during cooling down/isothermal hold in HT-XRD. 
In order to study the β α transformation, samples were first heated to an 
equilibration stage at around 950°C and held there for approximately 20 minutes to 
allow the α and β phases to reach equilibrium, followed by a cooling down to 610°C, 
715°C, 795°C, or 900°C respectively. The samples were then held isothermally at the 
respective temperature while X-ray scans were performed continuously. A schematic 
sketch of the heat treatment cycles is shown in Figure 5.3.4. An equilibration stage 
just below the β-transus was chosen in order to retain some α phase, in order to avoid 
excessive β grain growth. The resulting microstructures in the treated samples are 
shown in figures 5.4.3.1-5.4.3.9 below. 
 
 
Cooled down to 610°C followed by isothermal hold 
Figures 5.4.3.1-5.4.3.3 shows the microstructure in different areas of the top surface 
of the sample. As can be seen the microstructure varies in different areas. Some areas 
(Figure 5.4.3.1) contain mainly primary α grains surrounded by coarse α platelets, 
whereas some areas (Figure 5.4.3.2) contain mainly coarse Widmanstätten α platelets 
in prior β grains and surrounded by grain boundary α.  
 

  
Figure 5.4.3.1. X-ray examined surface of the sample held isothermally at 610°C after equilibration at 
950°C. The same area is shown at two different magnifications (140X and 280X). 
 

  
Figure 5.4.3.2. The same sample as in Figure 5.4.3.1 but taken in a different area (140X and 280X). 
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Figure 5.4.3.3. The cross section of the sample treated at 610°C. The surface examined by X-ray is at 
the top of the micrographs (140X). 
 
 
Cooled down to 715°C followed by isothermal hold 
Figures 5.4.3.4 show the microstructure at the surface of the sample. The 
microstructure contains large amounts of primary α phase surrounded by coarse α 
platelets. 
 

  
Figure 5.4.3.4. X-ray examined surface of the sample isothermally held at 700°C after equilibration at 
950°C. The same area is shown in two different magnifications (140X and 280X). 
 

   
Figure 5.4.3.5. The cross section of the sample treated at 700°C. The examined surface is at the top of 
the micrographs (140X). 
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Cooled down to 795°C followed by isothermal hold 
According to the HT-XRD results, this sample received an unintentional overshoot 
above the β transus temperature during the equilibration stage resulting in an all β 
phase sample. This is verified by Figures 5.4.3.6 and 5.4.3.7 were no primary α is 
visible, only coarse widmanstätten α platelets in the prior beta grains. 
 

  
Figure 5.4.3.6. Top surface of the sample held isothermally at 795°C after equilibration at 950°C. Two 
different areas with the same magnification are shown (140X). 
 

   
Figure 5.4.3.7. The cross section of the sample treated at 800°C. The examined surface is at the top of 
the micrographs (140X). 
 
 
Cooled down to 900°C followed by isothermal hold 
Again differences in microstructure could be seen in different areas of the same 
sample. The cross section shows coarse grain boundary α in the prior β grain 
boundaries, while the prior β grains contain Widmanstätten-like α platelets and, in 
some areas, what could be interpreted as primary α grains. 
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Figure 5.4.3.8. Top surface of the sample held isothermally at 900°C after equilibration at 950°C. Two 
different areas with the same magnification are shown (140X). 
 

   
Figure 5.4.3.9. The cross section of the sample treated at 900°C. The examined surface is at the top of 
the micrographs (140X). 
 
 
The cross section micrographs reveal that for most specimens only the surfaces seem 
to contain primary α grains, the main micro constituent is the coarse widmanstätten α 
platelets in the prior β grains defined by the grain boundary α. The reason for the 
microstructural variation in different areas at the specimen surface of the same sample 
could be due to an uneven polishing during the specimen preparation. Another 
interesting morphological feature is the increasing thickness of the α phase in the 
prior β grain boundaries with increasing isothermal treatment temperature (compare 
for example Figure 5.4.3.5 with Figure 5.4.3.9).  
 
In the diffraction pattern for the specimen isothermally treated at 795°C, the α phase 
disappeared at the equilibration stage indicating an overshoot in temperature to above 
the β transus, thus leading to an all β phase morphology when cooling commenced. 
For a starting microstructure of a bi-modal type, the β-to-α transformation during 
cooling is not expected to be the same when starting from above or below the β 
transus temperature, due to the existence of primary α when starting from below the β 
transus (the alloying element partitioning effect is present) and its absence above the β 
transus (no alloying element partitioning effect is present, see section 4.2).  
 
The β-to-α transformation in Ti-6Al-4V during continuous cooling has been 
examined by Malinov et. al. [28,29,30] using differential scanning calorimetry. They 
found that the β-to-α transformation finished between 820-865°C for cooling rates 
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between 50°C/min - 10°C/min, respectively. It should be pointed out that their 
experiments started from above the β transus (i.e. at 1100°C), thus starting with a 
fully β microstructure that is. Their results [28] differ from the CCT diagrams 
published by J. Sieniawski et. al. [31], in which the end of the transformation is found 
to lie between 670-690°C for the same cooling rates. Malinov et. al. ascribe this 
discrepancy to differences in chemical composition. The material used in this project 
has a similar chemical composition to that of reference 28. The present experimental 
results on the β-to-α transformation using HT-XRD [32], seem to fit the results of 
reference 28 well. The similar morphology of the microstructures in Figures 5.4.3.3 
and 5.4.3.5 for 610°C and 715°C holds respectively, could then be explained by the 
fact that the β-to-α transformation had already finished at around 800°C. Even though 
the morphology of the formed α plates/globular α grains does not change after the β-
to-α transformation finish, re-distribution of the alloying elements still continues at 
elevated temperature, due to diffusional processes. Katzarov et. al. [30] try to model the 
morphology of β-to-α phase transformation in the Ti-6Al-4V alloy, taking into 
account the diffusional re-distribution even after the β-to-α transformation has 
finished.    
 
 
5.4.4 Conventional heating-quenching experiments 
In order to avoid excessive temperature gradients and disturbance of the furnace in the 
HT-XRD equipment the rates of heating and cooling in this work were limited. To 
examine the α β phase transformation several conventional heat treatments, using a 
preheated furnace, were performed (high heating rate followed by short isothermal 
hold and finally water quenching). The temperatures were measured with 
thermocouples welded onto reference samples that were subjected to corresponding 
heat treatment cycles. The measured temperatures were 570°C, 670°C, 780°C and 
888°C, with corresponding heating rates of 128°C/min, 283°C/min, 304°C/min, and 
347°C/min, respectively. The samples were then held isothermally for 0.5min, 1min, 
and 5min at temperature, followed by quenching in water. Another test in which one 
sample was held at 950°C for 15 minutes followed by water quenching was also 
conducted. Due to oxidation at the sample surfaces the samples were cut in half the 
metallographic examination being restricted to the interior. The resulting 
microstructures are shown in Figures 5.4.4.1-5.4.4.7 below. 
 

    
Figure 5.4.4.1. Microstructures after isothermal hold for 0.5min (left), 1min (middle), and 5min (right) 
at 570°C, followed by water quenching (530X). 
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Figure 5.4.4.2. Microstructures after isothermal hold for 0.5min (left), 1min (middle), and 5min (right) 
at 670°C, followed by water quenching (530X). 
 

   
Figure 5.4.4.3. Microstructures after isothermal hold for 0.5min (left), 1min (middle), and 5min (right) 
at 780°C, followed by water quenching (530X). 
 

   
Figure 5.4.4.4. Microstructures after isothermal hold for 0.5min (left), 1min (middle), and 5min (right) 
at 888°C, followed by water quenching (530X). 
 
The samples treated up to 888°C were very similar to (Figures 5.4.4.1-5.4.4.4) the as 
received microstructure (Figure 5.4.1); no obvious difference can be seen. This leads 
to the conclusion that 5 minutes was too short for any optical microscopic detection of 
α β transformation. Therefore in another experiment a sample was heated to 950°C 
in 2 minutes, isothermally held for 15 minutes and finally water quenched. The 
resulting microstructure is shown in Figures 5.4.4.5-5.4.4.6. 
 

  
Figure 5.4.4.5. SEM image of microstructure of the sample isothermally held at 950°C for 15 minutes 
followed by water quenching. Globular α is surrounded by a very fine martensitic type of α and 
probably some retained β. A magnification of the marked area (left, 480X) is shown in the right 
micrograph (1440X). 
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As can be seen in Figure 5.4.4.5, primary α grains still exists after the treatment. One 
reason for this is that the primary α grains contain more α-stabilizing elements as 
compared to the transformed β matrix (the Widmanstätten structure in this case), the 
alloying element partitioning effect is discussed in section 4.2. A mapping sequence, 
performed by using SEM, on the sample reveals the compositional difference between 
the primary α and the transformed β, see Figures 5.4.4.6-5.4.4.7 below. 
 

 
Figure 5.4.4.6. SEM image of a different area of the same sample as in Figure 5.4.4.5. The 
microstructure consists of, as in Figure 5.3.4.5, globular α surrounded by transformed β in the form of 
martensitic α. This area was mapped compositionally using EDX analysis (see Figure 5.4.4.7) 
(1117X). 
 

  
Figure 5.4.4.7. Mapping of Al (left) and V (right). Brighter areas indicate higher concentrations of the 
alloying elements. Here it could be seen that the “strange” primary α grains in Figure 5.4.4.6 are 
ordinary primary α grains (1117X). The strange appearance could be the result of the sample 
preparation procedure. 
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ABSTRACT 
Closed die forged and ring rolled versions of the alloy Ti-6Al-4V have been compared with 
respect to their microstructure and fatigue properties. Both versions had duplex microstructures 
consisting of around 30 vol% spheroidal primary alpha phase in a matrix of Widmanstätten-type 
transformed beta phase. In spite of the similar microstructures, the closed die forged material 
had a significantly longer fatigue life under certain loading conditions. Quantitative 
metallographic studies revealed that this material exhibited a finer primary alpha grain size and a 
finer Widmanstätten platelet colony size which would be expected to provide a superior 
resistance to fatigue crack initiation. Observed differences in the texture of the two materials as 
determined by electron back-scattered diffraction might also have contributed to the difference 
in fatigue properties. 

 
 
INTRODUCTION 
In aerospace applications, such as engine components, Ti-6Al-4V is a commonly used 
alloy for components working at moderately high temperatures. In this study two 
components in a compressor, a disc manufactured by closed die forging and a ring 
manufactured by ring-rolling, showing significant fatigue life differences were 
examined. The relationship between thermomechanical history and the resulting 
microstructure are complicated [1] but in this case the two processes led to similar 
bimodal microstructures consisting of around 30 vol% primary globular alpha 
surrounded by a transformed beta structure (Widmanstätten/lamellar). Previous 
studies [1-12] have shown that the fatigue properties depend in a complex way on the 
morphology of this type of microstructure, for example, fraction and particle size of 
primary alpha, lamellae colony size, lamellae width, crystallographic texture etc. 
There are also indications that the partitioning of alloying elements between the 
primary alpha and transformed beta may be significant [1, 13]. These aspects have been 
investigated in the present work. 
  
 
EXPERIMENTAL 
Materials 
The materials examined were taken from a ring-rolled (RR) compressor ring and a 
closed die forged (CDF) compressor disc. The two components were produced from 
the same bulk material, and the chemical composition is given in Table 1. After 
forging the components were solution treated and aged. Both exhibited a bimodal, 
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primary alpha/transformed beta microstructure (see Figure 1 and 2). A possibly 
significant difference between the processes is that CDF occurs at a relatively 
constant temperature while during RR significant cooling occurs. 
 
 
Mechanical Testing 
Fatigue testing was performed on cylindrical, unnotched test bars cut from the 
components such that the tensile axis was tangential to the circular geometry of the 
component. Fatigue was carried out in air at a frequency of 0.5Hz under strain control 
with a strange range of 0.73%. The RR samples were tested at 204°C and the CDF at 
260°C. Three RR and four CDF samples were tested under these conditions. 
 
Metallography 
The microstructures were examined of the three RR fatigue samples (here designated 
211, 212 and 213) and two of the CDF samples (148 and 149). For this purpose they 
were sectioned transversely inside the gauge length and polished with conventional 
technique using SiC papers, diamond suspensions and finally a submicron silica 
suspension. They were etched with Kroll’s reagent. The microstructures were 
examined with both optical and scanning electron microscopy. The microstructural 
constituents were analysed chemically using energy dispersive spectroscopy in SEM. 

 
Quantitative metallographic measurements made manually on SEM micrographs 
included volume fraction primary alpha (determined by point counting), primary 
alpha grain size (mean linear intercept), alpha lamella colony mean width and length 
(measured normal and parallel to the lamellae axes respectively) and mean width of 
lamellae. The fracture surfaces of RR and CDF fatigue samples were examined using 
SEM. 
 
Vickers microhardness measurements with a load of 10g were made in the primary 
alpha and transformed beta constituents of all the samples. Ten indentations were 
made in each constituent to obtain an average value and a standard deviation. 
 
Texture Measurements 
Measurements were made of the texture on one RR and one CDF fatigue sample on 
axial sections; the orientations of these sections with respect to the faces of the 
component were not known. The analysis was made using both electron back 
scattered diffraction (EBSD) and X-ray diffraction. Details of the analyses are 
reported elsewhere [14, 15]. The results of the two methods were similar and only the 
EBSD results will be discussed here. 
 
  
RESULTS 
The stress-strain relationship was monitored throughout the test and was found to 
stabilize after 10-20 cycles, and the calculated cyclic stress-strain curves (Ramberg-
Osgood) were: 
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were eD  is the strain range (%), and SD  is the stress range (MPa). The recorded stress 
ranges, shown in Figure 3, are very similar indicating that differences that might be 
expected from differences in microstructure have been compensated by the difference 
in test temperature. This effect was fortuitous since it implies that reasons for the 
observed differences in fatigue behaviour can be distinguished from the effect of 
differences in yield stress. The fatigue life data is summarised in Figure 4. The lives 
of the RR samples varied between 32701 and 42881 cycles (logarithmic average 
37828) while those of the CDF samples varied between 140926 and 433417 cycles 
(logarithmic average 256615). The difference between the two materials is large even 
considering the relative large scatter of the data. 
 
By using light microscope and SEM several microstructural features were measured 
and calculated, the results are shown in Table 2 [15]. The globular α grains in the CDF 
samples seemed more deformed and had a more elongated elliptical type of shape. 
The average globular α grain sizes were larger for the RR samples than for the CDF 
specimens. The average volume fraction of globular α was 31,4 % and 28,1 % for the 
RR and CDF specimens, respectively.  

 
The mean colony size was also larger for the RR specimens as compared to the CDF 
samples. The α platelets in the RR specimens were both longer and thicker and had a 
right angular configuration, where as for the CDF samples the α platelets were more 
broken up and in a triangular configuration. 

 
A quantitative chemical analysis of the microstructural constituents, globular α and 
transformed β, was performed for the RR and the CDF specimens in order to find out 
if the chemical composition in these constituents varied in the two types of 
components investigated. The results are shown in Table 2. A higher Al content and a 
smaller V content could be seen in the globular α of the RR specimens, compared to 
the corresponding constituents of the CDF specimens. For the chemical composition 
of the transformed β no clear difference could be found, but the total sum of the 
elements, supposed to add up to 100%, is slightly less for both types of specimens 
indicating a small error in the measurements. Nevertheless, for the globular α the 
sums add up, and a difference in chemical composition was confirmed.   

 
Microhardness tests were carried out in the primary alpha and transformed beta 
constituent of three RR specimens (211, 212 and 213) and two CDF specimens (148 
and 149). A wide spread in measured microhardness for the primary alpha as well as 
for the transformed beta, the results are shown in Table 3, lead to large standard 
deviations, thereby making concluder nary work regarding microhardness variations 
difficult. 
 
By using EBSD a pronounced micro texture in the RR specimens was revealed  [14]. In 
the RR specimens the (0002) planes are oriented at 90° and 45° to the specimen axis, 
whereas in the CDF specimens the (0002) planes are at 90° and 0° to the axis.   
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The fatigue in this work is considered to be LCF since it was strain controlled and 
because significant plastic deformation occurred in the cycle, leading to relatively few 
cycles to failure. It was observed in this case that a significant proportion of the life 
was taken up with initiation while the SEM fractography confirmed that initiation 
occurred at the surface in all samples (see Figure 5). 
 
DISCUSSION 
The LCF regime is characterized by a high stress range in a cyclic loading process 
leading to significant plastic deformation during the fatigue cycle, at least at a 
localized scale. The LCF failure regime usually lies below 104-106 cycles. The 
measured fatigue lives for the examined specimens (104-105 cycles to fracture) lies 
clearly within the LCF regimen, in which the microcrack initiation and growth 
dominates [1, 5].  
 
Initiation is favoured by large colony width (and/or large primary alpha grains) since 
this leads to longer slip bands crossing the colonies (grains). For large components the 
macro crack propagation resistance is enhanced by increasing the colony size, due to 
crack closure. The CDF specimens triangular and more broken up α platelet 
configuration lead to smaller slip length and thereby enhanced micro crack nucleation 
and propagation resistance, as compared to the RR specimens. Initiation is also 
favoured by larger lamella width since fewer alpha/beta interfaces have to be crossed 
by the slip bands.  
 
The effect of micro texture on several mechanical properties has been discussed by 
several others [1-3, 16] and micro texture is formed because of that prior β grains do not 
fully recrystallize during thermomechanical heat treatment and the new smaller β 
grains that nucleate and grow have similar orientation as the parent grains. The α 
platelets transforming within the β grains often select only one variant of the 
(110)β║(0002)α Burgers relationship, leading to large areas of similarly oriented α 
platelets, so-called colonies, in the material. This texture is believed to lead to a 
slower macro crack growth rate because of a rougher macro crack front profile [3], but 
perhaps a more correct explanation would be due to the so-called crack closure 
phenomena. It is a common misconception that increasing the scale of a 
microstructure, e.g. increasing grain size, increases the crack surface by increasing the 
tortuosity. Simple geometry tells us that tortuosity is unaffected by the scale (a fine 
saw-tooth edge has the same length as a coarse saw-tooth edge if they have the same 
profile shape).  Regarding micro cracks it is claimed that the micro crack propagation 
rate is slower in fine-grained microstructures due to higher densities of grain 
boundaries of α plates, α colonies and prior β grain boundaries, all deviating the crack 
path [4]. Microcrack initiation is favoured by a texture with (0002) planes at an angle 
to the stress axis. Similarly it is resisted by a texture with these planes at 0 and 90° to 
the axis. The detection of pronounced (0002) planes oriented at 45° to the specimen 
axis in the RR specimens means that the alpha colonies would be more susceptible to 
slip in RR since the (0002) close-packed planes at 45° will experience the greatest 
shear stress. 
 
Increasing colony size reduces macrocrack growth rate due to crack closure but we 
have concluded that this crack growth does not make a significant contribution in our 
case. 
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The existence of primary α suggests a difference in strength between the transformed 
β matrix (α lamellaes) and the primary α, due to the alloy element partitioning effect. 
The formation of coherent Ti3Al particles during age-hardening is enhanced by certain 
elements (especially oxygen which is a strong α stabilizer) concentrated to the α 
phase. This means that the α lamellaes formed from the β phase during cooling, will 
not respond as well to age-hardening as compared to the primary α, thereby leading to 
a lower basic strength within the lamellar part of the bi-modal microstructure, the 
strength decreasing further with increasing amount primary α. The alloy element 
partitioning effect results in lower HCF strength at room temperature and a lower 
creep resistance as compared to a fully lamellar microstructure, whereas the influence 
on micro- and macrocrack propagation including fracture toughness has been proved 
negligible [1]. 
 
Thus the inferior fatigue strength of RR could be due to a combination of 
unfavourable factors. 
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Figure 1. Microstructure of CDF-149 (left) and RR-211 (right). Primary α (white) surrounded by a 
Widmanstätten structure (transformed β). Sections taken transversely inside the gauge length of the 
fatigue-tested specimens (500X). 
 
 

  
 
Figure 2. SEM micrographs showing the difference in α platelet morphology between the CDF (left, 
1700X) and RR (right, 1600X) component. 
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Figure 3. The recorded stress range during cyclic loading of the performed strain controlled fatigue 
tests. 
 
 

0

1 105

2 105

3 105

4 105

5 105

CDF148 CDF149 CDF148-2 CDF149-2 RR 211 RR 212 RR 213

4,
33

 1
0

5

1,
96

 1
0

5

2,
64

 1
0

5

1,
41

 1
0

5

3,
79

 1
0

4

3,
27

 1
0

4

4,
29

 1
0

4Fa
ig

ue
 li

fe
 (n

um
be

r o
f c

yc
le

s)

 
Figure 4. Measured fatigue life for CDF and RR specimens. 
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Figure 5. CDF specimen 149. Crack initiation site at the specimen surface (left) and propagation 
(right). 
 
 
 
Table 1. The average chemical composition of the examined material (in wt%). The RR and CDF 
components were produced from the same bulk material. 
 

Al V Fe C O Si N Ti 
6,40 3,98 0,14 0,022 0,20 0,0155 0,012 89,23 

 
 
Table 2. Microstructural features and results from quantitative chemical analysis of microstructural 
constituents of RR and CDF specimens. The standard deviations for αp are shown inside the 
parenthesis. For the chemical analysis the standard deviations are for Al:0,03%, V:0,15%, and 
Ti:0,16%. 
 

 Ring-rolled Closed die forged 
αp volume fraction (%) 31,4 (2,0) 28,1 (1,7) 

αp grain size (µm) 17,5 (1,9) 13,5 (1,7) 
Mean lamella width (µm) 1,74 1,03 
Mean colony length (µm) 21,9 15 
Mean colony width (µm) 13,2 7,8 
% Al in globular α 7 6,8 
% V in globular α 2 2,2 
% Ti in globular α 91 91 
% Al in transformed β 5,7 5,7 
% V in transformed β 5,1 5,1 
% Ti in transformed β 89 89,1 
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Table 3. Measured microhardness of primary alpha and transformed beta microstructure. The standard 
deviations are shown inside the parenthesis.   
 

Average microhardness [HV10]  
Sample Primary alpha  Transformed beta 
RR 211 334 (60) 324 (42) 
RR 212 332 (43) 332 (24) 
RR 213 381 (59) 365 (68) 

CDF 148 394 (40) 356 (36) 
CDF 149 346 (59) 337 (32) 
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ABSTRACT 
Phase transitions in Ti-6Al-4V were studied by means of high-temperature X-ray diffraction 
using a resistance heated furnace in high vacuum and Cu Kα radiation. The alpha and beta 
phases could be observed conveniently using the α(100), α(002) and α(101) peaks of the alpha 
structure and the β(110) peak of the beta. The phase composition of the sample at selected 
times and temperatures were determined from spectra recorded in the range of 32-45o (2θ), the 
scan time being around 8 minutes. The technique was successfully used to monitor the kinetics 
of the alpha-to-beta transition during heating and the beta-to-alpha transition during cooling 
and including the transformation kinetics during isothermal holds.  

 
 
INTRODUCTION 
Due to their high strength/weight ratio titanium alloys are used extensively in 
aerospace applications such as components in aeroengines and space shuttles. The 
most commonly used titanium alloy is the two phase (α+β) alloy, Ti-6Al-4V. The 
existence of the alpha/beta transformation means that a wide variety of 
microstructures and property combinations can be achieved in the alloy through 
thermomechanical processing1-3 thus permitting the adaptation of properties to 
specific applications. The need to weld the alloy for certain engine components 
can expose the alloy locally to non-optimum thermal cycles and it is therefore of 
importance to gain an understanding of the kinetics involved in the phase 
transformations during heating and cooling. Moreover, for the purposes of 
modelling and computer simulations of heat treatments and welding processes, 
quantitative descriptions of the transformation are necessary.  

In this work phase transitions in Ti-6Al-4V were studied by means of high-
temperature X-ray diffraction. This technique permits the observation of phase 
changes in a single specimen directly at temperature and so avoids the need for 
time-consuming heat-treatment/quenching experiments on numerous specimens. 
The objective of the study was to assess the feasibility of this technique to provide 
quantitative information on the transformation. 

 
 
EXPERIMENTAL PROCEDURE 
The starting material was a 1 mm thick plate of Ti-6-4 produced by ring-rolling. 
Its microstructure was bimodal consisting of about 30 vol% equiaxed primary 
alpha (αp) particles with an average particle size of 17µm and 70 vol% of a 
Widmannstätten-type structure (see Fig. 5). The structure contained 
approximately 5% retained beta phase as measured by XRD.  

The high temperature XRD unit was a Philips X-Pert MRD system fitted with a 
Bühler HDK 2.4 high temperature chamber and a PW 3011/10 Xe filled 
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proportional detector. The specimens, approximately 10x10 mm, surface were 
ground and polished on the surface to be examined. The specimen was placed 
onto two ceramic holders surrounded by a Tantalum resistance heating element. It 
was not completely surrounded since the upper side had to be free for access  of 
the X-ray beam. One thermocouple was placed in the heater and another was 
pressed against (in one case welded onto) the specimen surface. All treatments 
were carried in high vacuum (≤ 10-5 Pa).  

Three types of heat treatment cycle were examined, namely. (i) isothermal 
treatments of the as-received material at selected temperatures up to 900oC in 
order to monitor the transformation of alpha to beta. (ii) isothermal treatments of 
material previously equilibrated at approximately 950oC to produce a 
microstructure predominantly of beta phase in order to monitor the beta-to-alpha 
transformation. The equilibration treatment was designed to retain a small fraction 
of alpha in order to inhibit grain growth of the beta phase. (iii) cycles of 
continuous heating to a predetermined temperature followed by cooling. In reality 
the heating and cooling were interrupted at selected temperatures to carry out X-
ray scans. 

For all the cycles, heating and cooling rates between the various temperatures 
lay generally between 5 and 20oC per minute while a single scan between 2θ = 32 
and 45o required between 6 and 8 minutes. The contents of alpha and beta phases 
in the microstructures were estimated from the integrated peak areas of the alpha 
(101) and the beta (110) peaks after deconvolution, smoothing and measurement 
using ProFit-for-Windows software. The results in the present work are limited to 
alpha contents estimated as a ratio of the area of the (101) peak to that of an 
estimated standard corresponding to 100% alpha. The latter was estimated from 
the spectra of samples with high alpha content on the basis of the approximation 
that the 100% alpha peak area was the same as the combined area of the alpha 
(101) and beta (110) in that sample. Apart from this estimate, the practice of 
adjusting the combined estimated alpha and beta contents to 100% was avoided 
because of the lack of a reliable standard representing 100% beta. Samples 
containing high beta contents exhibited significant grain growth4, particularly 
around the transus temperature, which can lead to unpredictable variations in peak 
intensity. 

After the XRD cycles, selected specimens were prepared for examination by 
optical microscopy using conventional metallographic techniques. 
 
 
RESULTS 
The isothermal kinetics of the alpha to beta transformation in the as-received 
material are shown in Figure 1 in terms of the alpha content. The contents were 
estimated on the basis of a 100% standard derived from the room-temperature 
spectrum of the as-received material. However it was noted that the small (110) 
beta peak observed in the sample at room temperature disappeared after about 10 
min at 610oC implying an increase in alpha content even though at the same time 
the alpha intensity also decreased. Thus, as an alternative representation, the alpha 
contents of Fig. 1 could be increased by a factor of ≈ 1.18 on the basis of the 
assumption that the 610oC alpha content corresponds to 100%. In spite of this 
source of uncertainty the results reveal that the transformation is relatively fast at 
all temperatures the majority of having occurred after 10 min and near-constant 
phase content being reached within 30 min. 
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Fig. 1. Isothermal kinetics of the alpha-to-beta transformation of starting material at various 
temperatures. 

 
 

The kinetics of transformation to alpha from a beta-rich microstructure are 
illustrated in Fig. 2. In this case the alpha contents were derived on the basis of a 
100% alpha standard estimated from the room-temperature spectrum of the 
specimen after the treatment. The data for 795oC should be viewed with caution 
since during the equilibration treatment to develop the beta phase the alpha 
content decreased to unobservable levels leading to the risk of excessive beta 
grain growth. Once again, a rapid attainment of equilibrium phase content was 
observed.  

Figure 3 represents the equilibrium phase composition as a function of 
temperature derived from the 50 minute contents of both the alpha-to-beta and 
beta-to-alpha transformation experiments. Also included is a ‘normalised’ curve 
calibrated for temperature on the basis of an assumed transus temperature of 995 

oC and the linear extrapolation of the alpha-to-beta transformation curve to zero 
alpha content. Adjusting the alpha contents by a factor of 1.18 as suggested above 
in combination with this temperature correction yields a curve that is in good 
agreement with earlier studies 2,5. 
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Fig. 2. Isothermal kinetics of the beta-to-alpha transformation of the alloy following prior 
transformation at an equilibration temperature just below the transus temperature. The zero-time 
phase content values correspond to the composition just before cooling from the equilibration 
temperature. 
 
 

 
Fig. 3. Equilibrium phase content as a function of temperature for the alpha-to-beta and beta-to-
alpha treatments. The temperature corrected curve was obtained by normalising the alpha-to-beta 
curve to a transus of 995 °C. 
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Fig. 4. Phase content development during continuous heating-cooling treatment. The equilibrium 
curve from Fig. 3 is included for comparison. 
 
 

The results of continuous heating-cooling experiments are illustrated in Fig. 4 
with the normalised equilibrium transformation curve of Fig. 3 included as 
reference. The curve marked ‘run 20’ was obtained using the thermocouple 
welded to the sample. The alpha contents were derived using the room-
temperature, as-received spectrum as standard. In the case of the cooling portion 
of the heating-cooling cycle, estimates using the spectrum of the sample after 
cooling yielded very similar results. The results indicate the existence of a 
measurable hysteresis in the transformation with a higher content of retained beta 
at room temperature following the cycle. During heating, the transformation 
followed closely the equilibrium curve which is to be expected in view of the 
rapidity of transformation and the relatively slow heating procedure applied. 

The microstructure of the as-received alloy is shown in Figure 5. Optical 
observation of the microstructures of as-received samples subjected to isothermal 
treatments revealed little change at 610o and 710oC apart from some coarsening of 
the plates in the Widmannstätten regions indicating that most of the 
transformation had occurred there. Upon cooling after the treatment at 710oC 
transformation from beta back to alpha would be expected to occur by growth on 
existing plates and primary alpha particles. Figure 6a shows a specimen 
isothermally treated at 800oC which according to the XRD measurement had 
transformed to around 30-40% beta phase. This would have left relatively little 
Widmannstätten alpha in the microstructure. 
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Fig. 5. Optical micrograph of as-received material (530X). 

 
 

At the same time it is evident from a comparison of the micrograph with that of 
Fig. 5 that the fraction of globular alpha increased during the treatment although it 
is not possible to ascertain to what extent this occurred at temperature or during 
subsequent cooling. The alpha platelets are much coarser than in he as-received 
material but again it is not possible to tell whether the platelets are grew afresh or 
developed by growth of existing platelets.  

Figure 6b shows the microstructure of the specimen treated isothermally at 900 

oC which according to the XRD measurement had transformed to around 85% 
beta phase. The microstructure consists mainly of globular alpha thus confirming 
that under the applied cooling conditions the growth of alpha is predominantly as 
globular particles. 

Figure 7 shows representative microstructures of the specimen continuously 
heated to and cooled from 950oC. The cross-section was made perpendicular to 
the surface examined by XRD (both the examined surface and the bottom surface 
of the specimen are encompassed by the micrographs). The majority of the cross-
section consisted of globular alpha (Fig. 7a). Some regions exhibited some 
platelet formation but this was only observed at some distance from the upper, 
analysed surface (Fig. 7b). A probable explanation of this is that there was some 
non-uniformity of cooling; it can be suspected that cooling is somewhat faster 
from certain areas of the underside of the specimen. 

 
 

  
Fig. 6. Optical micrograph of samples alpha-to-beta treated at (a) 800°C and (b) 900°C (400X). 
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Fig. 7. Optical micrographs showing cross-sections of sample subjected to heating-cooling cycle. 
The dominating microstructure observed after the cycle contained mainly large primary alpha 
grains (a), but some areas showed a coarse platelet type of alpha (b). Both micrographs are from 
the same cross-section (90X). 
 
 
DISCUSSION AND CONCLUSIONS 
It can be concluded that high-temperature X-ray diffraction provides a convenient 
and effective method for the study of the transformations occurring in alpha-beta 
titanium alloys. A weakness of the technique is the relatively low rate of heating 
and cooling necessitated by the need to avoid distortion in the furnace and 
excessive temperature gradients. An associated problem is the time delay required 
for recording the necessary spectrum with sufficient accuracy as well as to allow 
equilibration of the sample temperature. Above all, these delays limit the ability to 
study the early stages of transformation. It is anticipated that the time delays can 
be reduced somewhat with increased experimental experience.  

Refinement of quantitative phase content determination is also necessary. 
Calibration against standard samples with independently determined phase 
content prepared by conventional heat treatment is expected to improve the 
reliability of the estimates. Since XRD only penetrates a near-surface zone of the 
sample material, a parallel study of treated and quenched samples will also be 
necessary to ascertain any effects of a free surface on the transformation. 

Notwithstanding the above difficulties the present study has demonstrated that 
the kinetics of transformation are relatively rapid; the phase contents could be 
measured to a satisfactory level of accuracy both as a function of time and 
temperature. Starting from the as-received material, a hysteresis has been 
observed in the temperature dependence of the transformation during a heating-
cooling cycle to a temperature close to the transus resulting in a higher retained 
beta content at room temperature after cooling. An investigation of this effect with 
respect to microstructural changes has yet to be performed. 

Although the transformation occurs rapidly in terms of the crystallographic 
structure the equilibration of the aluminium and vanadium contents of the two 
phases may not occur at a corresponding rate. Possible evidence of compositional 
change and variations in the phases was observed as angular shifts and splitting of 
the X-ray peaks during the treatments. Thus the technique may also offer the 
potential of at-temperature observation of the compositional effects. 
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ABSTRACT 
Phase transitions in Ti-6Al-4V were studied by means of high-temperature X-ray diffraction 
using a resistance heated furnace in high vacuum and Cu Kα radiation. The alpha and beta 
phases could be observed conveniently using the α(10.0), α(00.2) and α(10.1) peaks of the alpha 
structure and the β(110) peak of the beta. The phase composition of the sample at selected times 
and temperatures were determined from spectra recorded in the range of 32-45o (2θ), the scan 
time being around 8 minutes. The technique was successfully used to monitor the kinetics of the 
alpha-to-beta transition during heating and the beta-to-alpha transition during cooling and 
including the transformation kinetics during isothermal holds. Measurements of the interplanar 
distance change with temperature for the crystallographic planes of alpha and beta phases 
enabled the derivation of the overall thermal expansion for the alloy using a rule of mixtures. 

 
 
INTRODUCTION 
Due to their high strength/weight ratio titanium alloys are used extensively in 
aerospace applications such as components in aeroengines and space shuttles. The 
most commonly used titanium alloy is the two-phase (α+β) alloy, Ti-6Al-4V. The 
existence of the alpha/beta transformation means that a wide variety of 
microstructures and property combinations can be achieved in the alloy through 
thermomechanical processing [1-3] thus permitting the adaptation of properties to 
specific applications. The need to weld the alloy for certain engine components can 
expose the alloy locally to non-optimum thermal cycles and it is therefore of 
importance to gain an understanding of the kinetics involved in the phase 
transformations during heating and cooling. Moreover, for the purposes of modelling 
and computer simulations of heat treatments and welding processes, quantitative 
descriptions of the transformations are necessary.  

In this work, phase transitions in Ti-6Al-4V were studied by means of high-
temperature X-ray diffraction. This technique permits the observation of phase 
changes in a single specimen directly at temperature and so avoids the need for time-
consuming heat-treatment/quenching experiments on numerous specimens. The 
objective of the study was to assess the feasibility of this technique to provide 
quantitative information on the transformation. This work is a continuation of 
previously published work [4]. Based on the interplanar distance change with 
temperature, thermal expansion properties for the alpha and beta phases were 
measured and calculated. From these results and by applying rule of mixture (ROM) 
calculations, the overall thermal expansion for the alloy could be derived.  
 



 2

EXPERIMENTAL PROCEDURE 
The starting material was a 1 mm thick plate of Ti-6-4 cut out from a forged 
component. Its microstructure was bimodal consisting of about 30 vol% equiaxed 
primary alpha (αp) particles with an average particle size of 17µm and 70 vol% of a 
Widmanstätten type structure (see Figure 4). The structure contained approximately 
5% retained beta phase as measured by XRD. The chemical composition for the 
examined material was (in wt%): 6.42 Al, 4.15 V, 0.19 Fe, 0.04 C, 0.15 O, 0.01 N, 
0.006 H, <0.005 B, and Ti balance. 

The high temperature XRD unit was a Philips X-Pert MRD system fitted with a 
Bühler HDK 2.4 high temperature chamber. The specimen, approximately 10x10 mm, 
was ground and polished on the surface to be examined. The specimen was placed 
onto two ceramic holders surrounded by a tantalum resistance heating element. It was 
not completely surrounded since the upper side had to be free for access of the X-ray 
beam. One thermocouple (W-Rh/Type C) was placed in the heater and another was 
pressed against (in one case welded onto) the specimen surface. All treatments were 
carried out in high vacuum (≤ 10-5 Pa). The X-ray source was Cu Kα. 

Three types of heat treatment cycles were examined, namely (i) isothermal 
treatments of the as-received material at selected temperatures up to 900°C in order to 
monitor the transformation of alpha to beta; (ii) isothermal treatments of material 
previously equilibrated at approximately 950°C to produce a microstructure 
predominantly of beta phase in order to monitor the beta-to-alpha transformation. The 
equilibration treatment was designed to retain a small fraction of alpha in order to 
inhibit grain growth of the beta phase; (iii) cycles of continuous heating to a 
predetermined temperature followed by cooling. In reality the heating and cooling 
were interrupted at selected temperatures to carry out X-ray scans. 

For all the cycles, heating and cooling rates between the various temperatures lay 
generally between 5 and 20°C per minute while a single scan between 32 and 45° (2θ) 
required between 6 and 8 minutes. The amounts of alpha and beta phases in the 
microstructures were estimated from the integrated peak areas of the alpha (10.1) and 
the beta (110) peaks after deconvolution, smoothing and measurement using ProFit-
for-Windows software. These peaks were chosen on the basis of their relatively high 
intensity, their close proximity (to minimise scan time) and relatively little overlap 
with other peaks. After the XRD measurements, selected specimens were prepared for 
examination by optical microscopy using conventional metallographic techniques. 
 
 
ESTIMATION OF PHASE FRACTIONS 
The phase fractions were estimated from the X-ray spectra using two main 
approaches, namely with and without correction for the specific intensities of the 
chosen lines (where specific intensity here implies the relative intensity for a given 
amount of the phase). In the first approach the as-measured uncorrected intensities of 
the alpha (10.1) and beta (110) peaks were used to calculate an alpha content 
estimated as a ratio of the area of the alpha (10.1) peak to that of the combined areas 
of the alpha (10.1) and the beta (110) in that sample giving: 
 

Vα= (Iα/(Iα+Iβ))   (1a) 
 

Vβ= 1- Vα   (1b) 
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where Vα and Vβ  are the volume fractions alpha and beta phases respectively, and Iα 
and Iβ are the as-measured integrated intensities of the alpha (10.1) and the beta (110) 
peaks respectively.  
Correction of the measured intensities was carried out following the procedure of ref. 
(6). In this it assumed that the relative integrated intensity of a given diffraction peak 
is given by [5,6]: 
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where:  
 

• F2 is the structure factor and describes the effect of the crystal structure on the 
intensity of the diffracted beam. For the α(10.1) F is calculated from 
3f2cos(5π/6) and for β(110) from 4f2, were f is the atomic scattering factor 
(assumed approximately similar to that of pure Ti for which the values were 
taken from refs. 5 and 6). 

• p is the multiplicity factor, which is the number of families of planes 
independently contributing to the reflection. 

• v is the volume of the unit cell (in nm3).  
• The term in the parentheses is the Lorentz-polarization factor.  
• e-2M is the temperature factor, and takes into consideration the effect of 

temperature on the intensity of the reflections. Data required for calculation of 
the temperature factor for alloys are not readily available and therefore it was 
here not accounted for. It was assumed that the temperature factor affects the 
hexagonal α phase and the cubic β phase in a similar way. 

 
The values used for the above parameters in calculating the relative theoretical 
intensities of the hcp alpha (10.1) and the bcc beta (110) peaks are given in Table 1. 
 
Table 1. Calculated factors determining the intensities of the alpha (10.1) plane and the beta (110) 
plane. 
 

 Alpha (10.1) Beta (110) 
2θ 40,5339 39,9348 
Lattice parameter, a (nm) 0,292 0,319 
Lattice parameter, c (nm) 0,467 ---- 
Volume of unit cell, v (nm3) 0,03407 0,03246 

λ
θsin  (λ=1,54056 Å) 

0,22485 (x1010) 0,22166 (x1010) 

Atomic scattering factor, f  15,30 15,43 
Structure factor, F2 701,537 952,710 
Multiplicity factor, p 12 12 
Lorentz-polarization factor 14,02 14,49 
Relative integrated intensity, R 1,0168 x108 1,5722 x108 
Rβ/Rα 1,546 
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The ratio A = Rβ/Rα, indicates that the integrated intensity of the chosen beta phase 
peak is approximately 1,5 times stronger than that of the chosen alpha phase peak. In 
the second approach to estimating the phase fractions, the beta phase peak intensity 
was corrected: 
 
 Iβc= Iβ/A   (3) 
 
The corrected phase fractions, Vαc and Vβc, were then given by: 
 

Vαc= (Iα/(Iα+Iβc))   (4a) 
 

Vβc= 1- Vαc   (4b) 
 

In a few specimens heated close to the transus temperature it was found that 
dramatic changes in the total peak intensities occurred. It was assumed that this was 
associated with excessive grain growth of the beta phase. Here it is was considered 
more appropriate to estimate the phase fractions using a third, alternative approach: 
 
 Vαa= (Iα/(Iα,RT))×Vαc,RT  (5a) 
 
 Vβa= 1- Vαa   (5b) 
 
Here Vαc,RT is the corrected RT volume fraction alpha phase calculated according to 
eq. (4a). 
 
 
RESULTS 
In most cases the combined α and β intensities remained relatively constant regardless 
of the phase fractions. This suggests that the applied intensity correction may be 
superfluous. Nevertheless, both uncorrected and corrected estimates are considered.  

The isothermal kinetics of the alpha to beta transformation in the as-received 
material are shown in Figure 1 in terms of fractions of alpha and beta phases 
respectively, calculated both with and without correction for the specific intensities 
(eq. 1 and 4). It was noted that the small (110) beta peak observed at room 
temperature disappeared after about 10 minutes at 610°C. This run was somewhat 
anomalous in that the intensity of the alpha peak also decreased and its planar spacing 
increased significantly. Nevertheless, the methods of phase fraction estimation yield a 
value of 100% alpha. The calculated phase fractions at room temperature in the start 
of each experiment and the corresponding phase fractions after cooling down are also 
included in the diagrams. The time between the room temperature result and that of 
the first scan in the diagrams corresponds to the heating time. It is to be concluded 
that at all temperatures a significant proportion of the transformation has already 
taken place during the time taken to heat to the hold temperature and run the first 
scan. At all temperatures the phase fractions approach a constant value assumed to 
correspond to the equilibrium fraction. At 900°C the phase fraction values became 
somewhat erratic which might indicate some migration of the beta grain boundaries. It 
can be noted that the stability of the curves at extended times is an indirect indication 
that any oxidation of the surfaces is limited since oxidation would be expected to lead 
to a return of the alpha phase due to its alpha-stabilising effect. The steady state 
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values from these curves are used to produce a curve of transformation versus 
temperature included in Figure 3. 

The isothermal kinetics of transformation to alpha from a beta-rich microstructure 
are illustrated in Figure 2. Here again the phase fractions in the 610°C and 715°C runs 
are estimated with and without correction. For the 795°C and 900°C runs the alpha 
content decreased to unobservable levels during the equilibration treatment leading to 
the risk of an excessive beta grain growth. Therefore here the alternative approach 
was used (eq. 5) for estimation of the phase fractions and it is these values that are 
plotted together with the uncorrected values in Figure 2. In this case, transformation is 
almost fully accomplished by the time of the first scan (around 10, 20, 25 and 25 
minutes for 900, 795, 715 and 610°C respectively). This is consistent with the 
findings of Malinov et al [8]. 
 

 
Figure 1. Isothermal transformation from α-to-β at four different temperatures. Values are calculated 
both with and without the correction factor according to eq. (1) and (4), respectively. Both the RT 
starting values and the end values after cooling down to RT (370 minutes) are also included in the 
diagrams.   
 
Figure 3 shows the phase composition as a function of temperature. The left hand 
diagram refers to transformation upon heating and includes the 150 minute fractions 
(corrected values) from the isothermal alpha-to-beta transformation experiments 
described above as well as the results of the continuous heating runs. The right-hand 
diagram refers to transformation during cooling using the 30 minute fractions from 
the beta-to-alpha isothermal experiments (corrected or alternative) as well as the 
results from the continuous heating/cooling run. For the calculated phase fraction at 
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Figure. 2.  Isothermal transformation of β-to-α.. The values for the 610°C and 715°C curves are 
calculated with and without the correction factor according to eq. (1) and (4), respectively. The values 
for the 795°C and 900°C curves are calculated without correction (eq. (1)) and with the alternative 
approach (eq. (5)), respectively. 
 

 
Figure. 3. Summarising the results for the transformation as a function of temperature during heating 
(left) and cooling (right). Left diagram: = α-to-β isothermal equilibrium values;  and = 
continuous heating (RUN20/RUN21); = heating part of continuous heating-cooling experiment. All 
values are estimated with the correction (eq. (4)). Right diagram: = β-to-α isothermal equilibrium 
values;  the 610°C value, 715°C value and the higher value at 795°C are estimated with the correction  
(eq. (4), whereas the lower value at 795°C and the 900°C values are estimated with the alternative 
approach (eq. (5)); = cooling part of heating-cooling experiment, all values with correction (eq. (4)). 
The solid line in both diagrams is based on a thermodynamics model and taken from ref. (7). 
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795°C in the beta-to-alpha experiment the estimated phase fraction with the correction 
is also included. Also included in the two diagrams is the result from ref. (7) based on 
a thermodynamic estimate (the solid line in both diagrams). The continuous heating 
experiments (referred to as RUN20/RUN21 in the Figure) were performed with the 
thermocouple welded onto the specimen surface. 

The fractions observed in the heating and cooling experiments are relatively close 
to those from the isothermal experiments suggesting that near-equilibrium is attained 
between scans. The results also agree well with the theoretical estimate of ref. (7) 
which in turn was in good agreement with earlier experimental studies. It is also to be 
noted that the extrapolation of the transformation data suggests a transus temperature 
close to 1000°C which agrees well with the value quoted by the supplier of the alloy 
(995°C). 
 
The microstructure of the as-received alloy is shown in Figure 4. Optical observation 
of the microstructures after cooling of samples subjected to alpha-to-beta isothermal 
treatments revealed little change at 610°C and 710°C apart from some coarsening of 
the plates in the Widmanstätten regions indicating that most of the transformation had 
occurred there. Upon cooling after the treatment at 710°C transformation from beta 
back to alpha would be expected to occur by growth on existing plates and primary 
alpha particles. Figure 5a shows a specimen isothermally treated at 800°C which 
according to the XRD measurements had transformed to around 35-40% beta phase. 
This would have left relatively little Widmanstätten alpha in the microstructure. At the 
same time it is evident from a comparison of the micrograph with that of Figure 4 that 
the fraction of globular alpha increased during the treatment although it is not possible 
to ascertain to what extent this occurred at temperature or during subsequent cooling. 
The alpha platelets are much coarser than in the as-received material but again it is not 
possible to tell whether the platelets are grew afresh or developed by growth of 
existing platelets. Figure 5b shows the microstructure of the specimen treated 
isothermally at 900oC which according to the XRD measurement had transformed to 
around 70% beta phase. The microstructure consists mainly of globular alpha thus 
confirming that under the applied cooling conditions the growth of alpha is 
predominantly as globular particles. 

 
Figure. 4. Optical micrograph of as-received material (the scale equals 30µm). 
 
Figure 6 shows representative microstructures of the specimen continuously heated to 
and cooled from 950oC. The cross-section was made perpendicular to the surface 
examined by XRD (both the examined surface and the bottom surface of the specimen 
are included in the micrographs). Most of the cross-section consisted of globular alpha 
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(Figure 6a). Some regions exhibited some platelet formation but this was only 
observed at some distance from the upper, analysed surface (Figure 6b). A probable 
explanation for this is that there was some non-uniformity of cooling; it can be 
suspected that cooling is somewhat faster for certain areas of the underside of the 
specimen. 
 

 
Figure. 5. Optical micrograph of samples alpha-to-beta treated at (a) 800°C and (b) 900°C (the 
scales equals 40µm). 
 

 
Figure. 6. Optical micrographs showing cross-sections of sample subjected to heating-cooling cycle. 
The dominating microstructure observed after the cycle contained mainly large primary alpha grains 
(a), but some areas showed a coarse platelet type of alpha (b). Both micrographs are from the same 
cross-section (the scales equals 0.78mm). 
 
 
THERMAL EXPANSION  
The planar spacings of the α (10.1) and β (110) planes, calculated on the basis of the 
Bragg equation, were used to determine the thermal expansion behaviour of the alloy. 
The spacings recorded for the continuous heating runs are shown in Figure 7. Similar 
results were obtained from the other experiments including the falling temperature 
experiments. The diagram also includes an expansion line for pure titanium indicating 
the expansion to be expected in the alpha phase in the absence of the alpha/beta 
transformation. It can be seen that the beta phase expands dramatically over the range 
of the transformation, far more than would be expected on the basis of the expansion 
of titanium. The alpha phase also expands somewhat more than pure titanium. These 
effects can be attributed to volume expansion that occurs as a result of the 
transformation of the alpha HCP structure to the beta BCC structure. As the beta 
phase fraction increases with temperature the beta becomes progressively less 
constrained by the alpha phase and its lattice expands progressively up to 1000°C 
where the transformation is complete. Thereafter it can be expected to continue with a 
slope similar to that of pure titanium and there is an indication of this in the 
experimental results. The fact that the expansion of the alpha phase is also somewhat 
greater than for pure titanium is attributable to some constraint imposed on it by the 
expanding beta phase. 
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These results can be used to estimate the expected overall expansion of the alloy 
as shown in Figure 8. Here the two curves were normalised to a room-temperature 
value of 1. The calculated overall expansion curve was obtained by the simple 
proportionality rule of mixtures on the basis of the experimentally determined phase 
fractions. It was assumed that alloy behaves isotropically implying that it is not 
textured which is probably not exactly the case. The curve in Figure 8 has also been 
extended beyond 1000°C on the basis of a supposed expansion for the unconstrained 
beta phase. 
 

 
Figure. 7.  d-spacing values from continuous heating experiments. ; = α d-spacing from RUN20; = 
α d-spacing from RUN21; = β d-spacing from RUN20; + = β d-spacing from RUN21.The solid line 
corresponds to the expansion of commercially pure titanium (from ref. (9)). 
 
 

 
Figure. 8. Thermal expansions of the alpha and beta phases and the derived overall expansion of the 
alloy. 
 
 
DISCUSSION AND CONCLUSIONS 
It can be concluded that high-temperature X-ray diffraction provides a convenient and 
effective method for study of the transformations occurring in alpha-beta titanium 
alloys. A weakness of the technique is the relatively low rate of heating and cooling 
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necessitated by the need to avoid distortion in the furnace and excessive temperature 
gradients. An associated problem is the time delay required for recording the 
necessary spectrum with sufficient accuracy as well as to allow equilibration of the 
sample temperature. Above all, these delays limit the ability to study the early stages 
of transformation. Notwithstanding the above difficulties the present study has 
demonstrated that the phase contents could be measured to a satisfactory level of 
accuracy both as a function of time and temperature. 

A potential weakness of the method is that the X-rays sample a relatively small 
depth of a few tens of microns of surface material in which the transformation 
kinetics might deviate from those of the bulk material. However, the phase fraction 
results obtained in this work fit well with those obtained by alternative methods as, 
for example, those reported by Saunders [7] (see Figure 3). The technique also yielded 
a reasonable measure of the transus temperature. 

It has also been demonstrated that the HT-XRD technique provides a valuable 
means of studying thermal expansion behaviour in two-phase transforming alloys. 
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