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Title: Study of Phase Transformations in Ti Alloys

Author: Pavel Zhanal

Department: Department of Physics of Materials

Supervisor: RNDr. Petr Harcuba, PhD., Department of Physics of Materials

Abstract: In this work phase transformations in metastable § (primarily Ti-
15Mo) alloys were studied utilizing electrical resistance, dilatometry, transmis-
sion electron microscopy and X-ray and neutron diffraction. The materials -
Ti-15Mo, Ti-6.8Mo-4.5Fe-1.5A1 (LCB), Ti-5A1-5V-5Mo-3Cr (Ti-5553), Ti-29Nb-
1Fe-0.551 (TNFS), Ti-15Mo-3Nb-3A1-0.2Si (Timetal 21S) and Ti-13Cr-1Fe-3Al
(TCFA) (in wt. %) - were subjected to a solution treatment at a temperature
above (3 transus and quenched into water. In this condition, the microstruc-
ture of the investigated materials consists of § matrix and w particles. Samples
quenched from important temperatures determined from in-situ electrical resist-
ance and dilatometry measurements were studied by post-mortem TEM. In-situ
X-ray and neutron diffraction provided direct observations of microstructure of
Ti-15Mo alloy during linear heating and confirmed statements based on results
of indirect methods, such as: the decrease of volume fraction of w phase during
heating at low temperatures (up to 250 °C), complete dissolution of w phase at
560 °C and precipitation of a phase without w particles serving as its direct pre-
cursors. X-ray diffraction experiment allowed to determine relative evolution of
the size of w particles while phase fraction evolution was derived from neutron
diffraction. The volume fraction of 5 phase at room temperature is about 60 %.
The volume fraction of w phase during heating with the heating rate of 5 °C/min
reaches its maximum value of 45 % at about 400 °C. The maximum amount of
the volume fraction of o phase during the same experiment was 11 % at about

650 °C.

Keywords: metastable 8-Ti alloys w phase electrical resistance dilatometry X-
ray diffraction neutron diffraction phase transformations
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Introduction

The thesis is the continuation of my master thesis, which I defended at 2014. It
presents results achieved mainly during my following doctoral study. I actively
participated not only in a significant part of the measurements and but also in
following analysis of the obtained data. Due to several utilized experimental
methods a support and consultations with experienced researchers were required.
Their help made this thesis possible.

Titanium alloys are used in a wide range of components for the aerospace
and chemical industry and as alternative structural materials for the automot-
ive sector due to their high specific strength and excellent fatigue and corrosion
resistance. Moreover, due to biocompatibility and partial or total superelasti-
city, B-Ti alloys are also considered for biomedical applications. The mechanical
properties of these alloys are mainly determined by the distribution and the size
of metastable w particles or stable a precipitates in § matrix. The formation of
the precipitates, their morphology, volume fraction, the size and the distribution
are influenced by phase transformations occurring during heat treatment. There-
fore, a thorough understanding of these processes is necessary to optimize the
mechanical properties of the material through thermomechanical treatment.

Two types of experimental method were employed in this thesis: direct and
indirect. The direct methods bring more complex results and unambiguous ex-
planations of occurring processes. However, such methods have usually limited
accessibility. On the other hand, the indirect techniques could be found in stand-
ard laboratories of universities and research institutions investigating material
properties. In order to provide a clear description of occurring processes by util-
izing easily available techniques, we aim to clarify the detected phenomena with
unique direct methods.

The thesis is divided to four chapters. The first chapter: theoretical back-
ground and literature review describes characteristics of titanium and its alloys.
Special attention is given to w phase and its possible evolution. The description
of experimental procedures follows in the next chapter. A brief characterization
of all investigated alloys is presented. Even though I was not able to employ
some of the experimental techniques on my own and needed the assistance and
expertise of colleagues mentioned in the acknowledgement, I tried to understand
the fundamentals of employed experimental methods and to interpret the results.

Results and discussion chapter contains two discussions, which divide the
results obtained from the indirect (electrical resistance measurement, dilatometry,
ex-situ transmission electron microscopy) and the direct experimental techniques
(in-situ transmission electron microscopy, X-ray and neutron diffraction). Short
summary of the main results for each method is provided. The final conclusions
and the most important achievements of the thesis are summarized at the end.






1. Theoretical background and
Literature review

1.1 Characteristics of Titanium

Titanium is the ninth most plentiful element and the fourth most abundant struc-
tural metal in the Earth’s crust. Unfortunately, it is never found in a pure state
and seldom found in high concentrations [1]. It has atomic number 22 and belongs
to Group 4 of the periodic table of elements. Titanium is a shiny element with
a silver color, low density, high strength and high corrosion resistance. In nature
it occurs in five isotopes, 4°Ti through °°Ti, with *8Ti being the most abundant
(73.8%) [2]. Its incomplete 3d shell enables it to form solid solutions with most
substitutional elements, which have atomic radius within + 20 % [3] of titanium.
In its elemental form it has a melting point of 1678 °C.

Titanium was discovered in 1791 by British clergyman and amateur mineralo-
gist William Gregor. He investigated the magnetic sand (ilmenite FeTiO3) from
the local river, Helford, in the Menachan Valley in Cornwall, England. By remov-
ing the iron and treating the sand with hydrochloric acid he produced the impure
oxide of a new element. Four years later, a German chemist Martin Heinrich
Klaproth, analyzed rutile (TiOy) from Hungary and identified it as an oxide of
an unknown element, the same as the one reported by Gregor. Klaproth named
the element after the Titans, the powerful sons of the earth in Greek mythology.
The titans were utterly hated by their father and so he detained them in captivity
in the earth’s crust, similar to the hard to extract ore - therefore he named it
Titanium [1, 4].

The element was isolated for the first time in 1910 by Matthew Albert Hunter
by heating titanium tetrachloride (TiCly) with sodium. Commercially usable pro-
cess of titanium production was developed by Wilhelm Justin Kroll from Lux-
embourg. In 1932 he produced significant quantities of titanium by combining
TiCly; with magnesium. The obtained material is called "titanium sponge” be-
cause of its porous and spongy appearance. This so called Kroll process remained
essentially unchanged and is the dominant process for titanium production today.
The starting ore for the production of titanium is either rutile (TiO2) or ilmenite
(FeTiO3). The extraction of metallic titanium from these ores occurs in following
steps [1, 4, 5]:

e Chlorination of the rutile (ilmenite) to produce TiCly:
TiOy +2Cly + C — TiCly + CO;
and
TiO; +2Cly 4+ 2C — TiCly + 2 CO.

e Purification of TiCly by distillation.
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e Reduction of the TiCly - Kroll process. The purified TiCly is put into a
reactor filled with inert gas and containing metallic Mg and heated to drive
reactions:

followed by
TiCly + Mg — Ti + MgCly

Product of these reactions is a solid mass of intermingled mixture of highly
porous metallic titanium sponge and MgCl,.

e Extraction of the metallic titanium from the sponge by removal of the re-
sidual MgCl,:
Several methods can by employed to separate MgCly: acid leaching, inert
gas sweep, or vacuum distillation. The former method is no longer utilized
extensively. In both other processes (inert gas sweep and vacuum distilla-
tion), the Mg and Cly are recovered and recycled. Today, these methods
can be nearly considered as a closed loop batch process with only modest
amounts of new Mg and chlorine being required from batch to batch [1].

e Crushing and sizing of the titanium sponge:
The sponge is crushed to granules of metallic titanium typically to sizes
about 3 - 5 cm. This eliminates the cost of further crushing.

e In order to prepare ingot, the titanium sponge is pre-densified in a hydraulic
press. These compacts are then assembled to an electrode for the melting
process, which results in bulk titanium without pores.

Titanium has a low density, of about 60 % of steel and can be greatly strength-
ened by alloying (which results to even more favourable strength-to-density ratio)
or deformation processing. It is exceptionally corrosion resistant (often exceeds
stainless steels). Pure titanium is non-toxic and some of its alloys are biologic-
ally compatible with human tissues and bones. Titanium alloys primarily excel
due to two properties: the high specific strength (73 kN m/kg for pure Ti [6]
and 260 kN m/kg for g Ti alloy [7] compared to 46 and 63 kN m/kg for low
carbon [8] and stainless [9] steels, respectively) and excellent corrosion resist-
ance, which make them significantly useful in: power generation as condensers,
heat exchangers,flue gas scrubbers; water plants as heat exchangers, well heads,
pipe and down hole hardware; pulp and paper as diffusion washers in bleaching
section of process; chemical industry as dimensionally stable electrodes; metal
production as cathodes for electrowinning Cu, Au, and Zn; mineral dressing as
pressure vessels at high T and P; biomedical devices as orthopedic implants,
surgical implants, surgical implements; spacecraft as cryogenic tanks and as air-
craft structural parts. Unfortunately, the maximum application temperature of
titanium ad its alloys is limited by their oxidation behaviour. The main reason
hindering wider use of titanium for example in automotive applications is the dif-
ficult and costly reduction of oxide to metal described above [1, 4]. Selection of
important physical properties of highly pure polycrystalline o titanium is listed
in Table 1.1.



Structure prototype Mg
Pearson symbol hP2
Space group P65/mmc (194)
[-transus temperature 882 °C
a = 0.295 nm
Lattice parameters ¢ = 0.468 nm
c/a = 1.587
Thermal expansion coefficient [10° K] | 8.36
Thermal conductivity [W/mK] 14.99
Specific heat capacity [J/kgK] 523
Electrical resistance [107 Qm)] 564.9
Elastic modulus [GPa] 115
Shear modulus [GPa] 44
Specific strength [kN m/kg] 73
Poisson’s ratio 0.33

Table 1.1: Physical properties of high-purity polycrystalline « titanium
(> 99.9 %) at 25 °C [1].

1.2 Structural modifications of titanium

Different structural modifications/phases depending on various factors like tem-
perature, pressure, cooling rate and alloying elements can exist in both pure
titanium and Ti alloys. The phases can be classified into equilibrium and non-
equilibrium. By applying appropriate (fast) heating/cooling rates, metastable or
non-equilibrium phases can form via displacive transformations like shearing and
shuffling. Under favourable conditions, these metastable phases can transform
into more stable ones.

1.2.1 Equilibrium phases

At room temperature and pressure, pure titanium crystallizes in a hexagonal close
packed structure (hcp), so-called v phase. Its structure is shown in Fig. 1.1a.
« phase has a space group of P63/mmec. Its unit cell has lattice parameters
a = 295A and ¢ = 4.68A. The ¢/a ratio for pure a titanium is 1.587, which
is smaller than ideal ratio 1.633 for hcp. Stability limit of o phase is at 882 °C,
which is known as -transus temperature. Above this temperature, the structure
of titanium allotropically transforms into a body-centered cubic (bec) [ phase,
which is stable up to the melting point of titanium (1678 °C) and belongs to space
group Im3m. Fig. 1.1b shows the unit cell of 5 phase. Its lattice parameter is
a = 3.32 A for pure titanium at 900°C. The most densely packed lattice planes
for both phases and directions are indicated in Fig. 1.1 [10].

It is necessary to note that alloying elements can alter the S-transus temper-
ature. According to their influence on the S-transus, alloying additions can be
divided into three groups: « stabilizing, [ stabilizing and neutral ones. Scheme
of the effect of some elements on phase diagrams of titanium alloys is shown in
Fig. 1.2.

The elements which increase [-transus temperature are known as the o sta-
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(a) Hexagonal close-packed cell of (b) Body centered cubic cell of 8 phase.
« phase.

Figure 1.1: Structure modifications of Ti [4].

|
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_—
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(Sn,Zr) {AlLO,N,C) {Mo,V,Ta,Nb) (Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Figure 1.2: Influence of different types of alloying elements on phase diagrams of
titanium alloys [4].

bilizing elements (e.g. Al, B, Sc, Ga, La, Ce, Ge, C, O, N) [11]. Oxygen is
frequently used to increase the strength of commercially pure titanium. The ef-
fect of a stabilizers in multicomponent titanium alloys can be compared in terms
of Al equivalency [12]:

[Al], = [Al] + 0.17[Zr] + 0.33[Sn] + 10[0] (1.1)

On the other hand, [ stabilizing elements decrease the S-transus temperature.
3 stabilizing elements can be further divided to § isomorphous (e.g. V, Nb, Mo,
Ta and Hf) and 8 eutectoid (e.g. Fe, Cr, Mn, Co, Ni, Cu, W, Au, Ag, Pt
and Pd), depending on whether or not a solid solution / eutectoid compound
exists in the material at elevated temperature. Similar to « stabilizers, the effect
of 3 stabilizers could be expressed in terms of Mo equivalency depending on the
amount of additions required to suppress the martensitic start temperature below
room temperature [11]:

[Mole, = [Mo] + 0.2[Ta] + 0.28[Nb] + 0.4][W] + 0.67[V]
+ 1.25[Cr] + 1.25[Ni] + 1.7[Mn] + 1.7[Co] + 2.5[Fe] (1.2)

Some other elements like Zr, Sn and Hf behave more or less neutrally as they
lower the [-transus slightly but again increase it at higher concentrations. Zr
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and Hf are isomorphous with Ti and they exhibit allotropic phase transformation
B <+ «a. Titanium is substituted by Zr in a multicomponent alloy and indirectly
has a a-stabilizing effect. On the other hand, Sn belongs to the 3 eutectoid
forming element but has no effect on the g-transus temperature. However, Sn is
considered to be « stabilizing as it replaces Al in the hexagonal ordered TizAl.

Although « and  phases are most known stable phases of titanium, there are
several others, such as:

B2

B2 (or so called A2), which has a simple cubic superlattice (space group Pm3m).
The B2 phase was observed in several binary and ternary titanium aluminides,
and nickelides [3].

(85}

a, which crystal structure is a DOqg9. Its unit cell is composed of four regular
hep cells and it is an ordered hexagonal solid solution of chemical formula TizSM
(where SM denotes simple metals such as Al, Ga, In or Sn) [11].

B

~ with L1y structure is an intermetallic structure seen the most when 50 % of Al
is added to titanium. Its (100) planes alter between Ti and Al.

0]

An orthorombic (C'mem) O phase was discovered in Ti-Al-Nb systems and could
have potential as a structural material for use at elevated temperatures [13].

B8,

Another ternary phase discovered in Ti-Al-Nb system is B8y. This phase is in
apparent equilibrium with the v, @y and O phases [14]. The phase has the B8,
structure of the w-type phases [15].

1.2.2 Non-equilibrium phases

Non-equilibrium (or metastable) phases usually form during very fast processes
(e.g. quenching or deformation), which prevent reaching the thermodynamic
equilibrium. These phases are a compromise between thermodynamics which
tend to lower the Gibbs free energy and kinetics which dictate how fast the
transformation can occur. A brief description of some of the metastable phases
encountered in titanium alloys follows.

al

Martensitic o phase forms during quenching from [ phase instead of « due to
fast quenching rates. It has a hexagonal crystal structure (P63/mmc) and can
be found in pure titanium and « alloys. Due to element partitioning the lattice



parameters of a and o should differ as o is supersaturated in [ stabilising
elements whereas « is not. Two morphologies of o were observed, namely massive
and acicular martensite. The massive martensite forms only in pure titanium
and very dilute alloys as large irregularly shaped regions consisting of individual
« laths. The acicular martensite forms in alloys with a higher solute content and
contains individual « plates [1, 4, 16]. With increasing content of -stabilizing
elements the martensite start (T,,s) temperature decreases and thus this phase
is less easily formed.

al/

In alloys with higher solute content, o” can form [11]. Tt was shown that its
structure is more or less twinned. o’ can also form due to application of external
forces as stress induced or strain induced martensite [5], which agrees with its
orthorombic structure, which is a halfway between the bee § and the hep o [17].

w

Probably the most investigated and the most important metastable phase in
titanium alloys also in the context of this thesis is w phase. It has received ex-
tensive attention since its discovery in 1954 [18] mainly due to w particles possibly
serving as preferential nucleation sites for a0 precipitates. Fine and uniformly dis-
persed « precipitates in [ matrix result in excellent mechanical properties of the
material [19, 20]. The w particles also affect some physical properties such as
ductility, superconductivity, etc. The structure of w phase is either hexagonal
(P6/mmm space group) in leaner alloys [21] or trigonal (P3ml space group) in
more heavily stabilized [ alloys [22]. w particles are extremely fine (from a few
nanometres to a few tens of nanometres) and their crystallographic matrix is co-
herent with /5 phase matrix [17]. w particles are either prolate sphereroids (main
axis || (111)g) or cuboids and their number density is extremely large [13]. They
are ordered in a cubic array along (100) directions in § matrix [23]. w phase is
present not only in titanium but also in Zr, and Hf alloys [24].

The main conditions under which w phase forms and further grows are ac-
cording to [25, 26]:

1. The thermal treatment:

Two stages of w phase are distinguished according to the conditions of their
formation [26]:

(a) When the content of § stabilizing elements is just high enough to
retain full 5 upon quenching (i.e. the T,,s is suppressed below room
temperature), w can form from § phase. This is commonly called
athermal w (wey). The formation of this phase is diffusionless and
experiments proved the reversibility of § <> wgy, transformation [27—
29]. It was also shown, that even ultra fast quenching rates were unable
to suppress this transformation [22]. For a particular composition there
is a specific w-start temperature (T, ), where this phase forms during
quenching.
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(b) The w phase forms during ageing at temperatures near T, (100 -
500 °C, the exact temperature depends on alloy composition) [30]. This
is called isothermal w (w;s,), as thermal activation is necessary for its
growth. w;,, particles probably evolve from wy, particles, which re-
main in the material after heating to a certain temperature. The
growth of w;,, particles is diffusion controlled displacement mechan-
ism [31]. Ageing at suitable temperature is accompanied by rejection
of p-stabilizers from wj,, particles, which results in a shift of lattice
parameter of both § and w phases [32].

Even though w;s, being the continuation of w,y, [33], rather than differ-
ent phase, these two modifications can be distinguished by the fact that
the w;s, is larger in size, and there is a composition gradient across the
B /wiso boundary [31]. As the [ + w;s mixture is metastable, prolonged
ageing leads to heterogeneous precipitation of « precipitates (preferentially
on wjs, particles) and results in an equilibrium 5 4+ « phase composition.

2. The pressure: The pressure enhances the formation of the w phase and
extends the range of compositions in which the w is observed. At room
temperature, the pressure necessary to transform « to w has to be higher

than about 30 kbar [25, 34].

3. The deformation: The formation of the w phase was firstly observed during
deformation in Ti-8Cr [35] and in Ti-V alloy single crystal [36]. In the recent
years, the deformation induced w phase was investigated, with the aim to
develop a titanium alloy with a changeable Young’s modulus for biomedical
applications [37, 38] .

/B/

If the solute content of S-stabilizer is high enough, the metastable w phase be-
comes unstable and does not precipitate any longer. On the other hand, the
[ phase separates into Sjeq, and B, [30]. This occurs either by nucleation and
growth or by spinodal decomposition depending on the kinetics of the separation.
Biean is known as ' and S,;., simply as 3. Both § phases have the same crys-
tallographic structure as the parent phase. The only differences are therefore the
solute content and lattice parameters. [’ forms coherent and uniformly dispersed
particles within the 8 matrix [4].

O/

Recently discovered nano-sized O’ phase with orthorhombic symmetry and occurs
by a {110}(110) shuffle (atoms shuffle every other {110}4 atomic plane) [39)].
O/l

Another newly found phase, has been termed O”. It has ordered face centered
orthorhombic structure and was be observed co-existing with w;s, and « phases
in Ti-5Al-5Mo-5V-3Cr alloy [40].
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1.3 Identification of Ti alloys (based on [ sta-
bilizing elements content)

Titanium alloys are divided with respect to the amount of the alloying elements
into a, a+p and ( alloys. The identification is schematically shown in Fig. 1.3.

A
a
Metastable Stable
alloy| a+ 3 alloy 8 alloy B alloy
AN \ B
N
N
AN

Temperature
7
7/
Q
+
™

a \ !
L >

solute solute rich B
lean

B - Stabilizer Concentration

Figure 1.3: Schematic 8 isomorphous phase diagram of to identify Ti alloys [4].

« alloys comprises only pure Ti and different grades of commercially pure Ti,
Ti alloyed with the a-stabilizers, or with neutral elements. In case of addition of
minor fractions of f stabilizing elements, the alloys are referred to as the near o
alloys [4]. Unfortunatelly, it is not possible to improve mechanical properties of
either o or near « alloy by thermal processing. Alloying titanium with oxygen
leads to increse in both strength and Youngs modulus [1], however, results in
significant decrease of ductility. The main advantage of « alloys is their high
corrosion resistance [10].

With increasing content of 3 stabilizers, the material reaches a + [ region.
The a4+ alloys, which contains both these phases are in Fig. 1.3 located between
a/(a + B) phase boundary and the point where T,,s drops bellow the room tem-
perature. The volume fraction of a phase, which forms martensitically upon
quenching ranges at room temperature from 5 - 40%. The ability to control the
microstructure and mechanical properties of these alloys by heat treating prede-
termines « + 3 alloys to be the most widely used titanium alloys in commercial
and technical applications [4].

When the content of 3 stabilizing elements increases further, T,,, decreases
bellow room temperature and [ phase no longer transforms upon quenching.
This is still in the o + [ region, but such material already belongs to metastable
[ alloys. Stable [ titanium alloys can be reached by additional increase of the
content of § stabilizing elements (see Fig. 1.3). In the equilibrium, the volume
fraction of a phase in metastable 5-Ti alloys can be more than 50 % [1]. The
« phase can be precipitated from the metastable 5 phase as very fine particles.
Therefore, the main characteristic of 5 alloys is that they can be hardened to much

12



higher yield stress levels than a + (3 alloys. On the other hand, stable 5 alloys
are single-phase, they cannot be precipitation hardened. Therefore, the stable
[ alloys have very limited practical use Metastable [ alloys are the most versatile
from all titanium alloys. The main advantages of metastable § alloys are the
high strength to weight ratio, the high ductility and the high fatigue resistance.
Furthemore the metastable  alloys can be processed at lower temperatures than
a+ [ alloys [4, 10].

1.4 Phase transformations in metastable [ ti-
tanium alloys

The mechanical properties of titanium alloys are mainly determined by the dis-
tribution and the size of metastable w particles or stable « precipitates in 5 mat-
rix [41, 42]. The formation of the precipitates, their morphology, volume fraction,
the size and the distribution are influenced by phase transformations occurring
during heat treatment [5, 43]. Therefore, a thorough understanding of these pro-
cesses is necessary to optimize the mechanical properties of the material through
thermomechanical treatment. The phase transformations relevant for this study
are <> w, w — a and § <> «a. These transitions are discussed bellow.

141 a<+f

The precipitation of a phase in 8 matrix in metastable 5-Ti alloys is a thermally
activated diffusional process. It is controlled by the migration of the /3 inter-
face and the diffusion of solute atoms across the interface. The growth rate is
determined by the slower of these simultaneously occurring processes. When the
diffusion of solute atoms is slower than the interface migration rate, the interface
will move as fast as the diffusion allows and the transformation is said to be dif-
fusion controlled. On the other hand, when the interface mobility is the limiting
process, interface controlled transformation occurs [16]. Upon cooling from the
temperatures above -transus, the most densely packed planes of the bee 8 phase
{110} transform to basal planes {0001} of hexagonal a phase. « phase precip-
itates most commonly obey Burgers orientation relationship with respect to
matrix [4, 44].

(0001), || (110)4

[1120],, || [111]g (1.3)

Graphical representation of ideal Burgers orientation relationship is shown in
Fig. 1.4.
Other orientation relationships observed between bce and hep structures are:

i) Pitsch-Schrader[46]:

(0001), || (110)4

[1120], || [001], (1.4)

which was also found in titanium alloys [47, 48].
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Figure 1.4: Graphical representation of ideal Burgers orientation relationship [45].

ii) Rong-Dunlop, first observed in [49] and also reported in titanium alloys [50]:

(0001), || (021)4

[1120],, || [100], (1.5)

iii) Potter [51]:

(1011), || (110)4

[2110], || [1T1]. (1.6)

The grain boundary « precipitates were found to have the Potter orientation
relationship rather than the Burgers orientation relationship with one of the
adjacent /3 grains in [52].

« phase in metastable 3 alloys preferably grows at nucleation sites, such as:
[/ grain boundaries, previously formed « particles, w particles, dislocations and
[’ phase formed during phase separation. In « + [ alloys, the martensite plates
serve as additional nucleation site [25].

Each nucleation site results in a special morphology and distribution of the
« phase. Based on the ageing temperature and the nucleation site, three types
of nucleation mechanisms are distinguished [4, 25, 31]:

At ageing temperatures below approximately 450 °C (exact temperature de-
pend on the material), the appearance of « is preceded by w. The « precipitates
are extremely fine and uniformly dispersed throughout the § matrix. This trans-
formation is explained in detail in Section: 1.4.3.

For ageing temperatures above about 400 °C, a sufficient thermal activation
to allow non-uniform nucleation of the o phase is reached. The nucleated « phase
does not have any relationship to w phase in the g matrix. Preferential nucleation
site for this transformation are 5/ grain boundaries, but there is also an evidence
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of nucleation within grains. The precipitates of the a phase are non-uniform
plates with high aspect ratio.

The third precipitation mechanism occurs at temperatures above circa 650 °C.
Thick « layers form along /8 grain boundaries with smaller number of the «
precipitates, which grow towards the grain interior as parallel plates belonging
to the same variant of Burgers orientation relationship (so-called « colonies or
families). This process is referred to as sympathetic nucleation and growth, and
the resulting a structure is known as Widmanstatten side plates.

14.2 [+ w

w phase is a metastable phase, which occurs in Ti alloys which contain the re-
quired levels of g stabilizing elements to suppress T,,s below room temperature.
The mechanism of w phase formation was proposed in [53] and described in [54].
wqrn, forms by a diffusionless, displacive transformation upon quenching from tem-
peratures above (-transus. In the most common model § — w transformation,
the w forms by collapsing a pair of the (111)4 planes to the intermediate position,
leaving the next plane unaffected, and collapsing the next pair of planes and so
on, which creates a hexagonal w lattice. This process is schematically shown in
Fig. 1.5. According to this picture, the planes marked as 1/3 and 2/3 collapse in
the middle and the 0 and 1 are unaffected.

{111}

o 1/3 2/3 1

I
I.;

{111}

0 = oo oo =y o
® - === —g -

an -4 _____

|

I
I I
1 I
I ]
I I
I €
B C

A C A

Figure 1.5: Schematic collapse of (111)z planes [55].

The complete collapse of (111)4 planes create basal plane (0001),, of hexagonal
w phase. However, it has been shown, that the collapse can be only partial, which
results in a trigonal symmetry of w phase [56, 57]. The orientation relationship
between the 8 and the w phase is for fully collapsed (111)s planes the following:

(111)g || (0001,

[170]5 || [1120]., (1.7)

There are four [111] directions, which results into four possible crystallo-
graphic variants of the w structure in 8 phase matrix. Lattice parameters for the
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ideal w phase (completely collapsed (111)s planes) can be easily calculated with
respect to lattice parameter of 3 phase:

ay = agV'2,cy = agV/'3/2 (1.8)

143 w—«

During ageing of the material consisting of S + w mixture, a phase heterogen-
eous nucleation can occur. Preferential nucleation sites for o formation are in-
homogeneities in the material, such as w particles, grain boundaries, 8’ phase or
dislocations. Different mechanisms of w assisted nucleation of o phase have been
suggested:

It was shown in [58] that if the misfit of /w interface exceeds a critical value,
interfacial edge dislocations form in (110)4 directions. a rod-shaped precipitates
form in the same orientation as the corresponding dislocations. The nucleation
at the dislocation or in its vicinity occurs due to stress fields induced by the dislo-
cation and after sufficient ageing time, o phase grows over dissolving w particles.
The «//w orientation relationship in such conditions was found to be [59]:

(0001, || (1210), || (T11),
(T120)., || (0001), || (0T1); (1.9)
[1100],, || (1011), || [211]4

In the systems with a lower w/f misfit, there are three different models of
w — « transformation [60]:

e In [61] the authors proposed that a precipitates are supposed to nucleate at
a certain distance from the w/f interface. This is caused by local rejection of
the w destabilizers (= « stabilizers; Al, in this case), during the isothermal
ageing of w precipitates, which is supposed to allow the nucleation of «
precipitates in the vicinity of w precipitates.

e Another hypothesis states, that a phase nucleates within the core of w par-
ticles, leading to the formation of « platelets [58]. There should be a strict
orientation relationship at «//w interface. This leads to a perfect planar in-
terface between these two phases and « phase is able to grow from w phase.
Initially, o phase growth is assumed to occur solely by the consumption
of w particles. This leads to a plate-like morphology. After the complete
disappearance of w phase, a growth should be governed by the interface
mobility between v and (3 [62].

e The last model suggests that in Ti-5Al-5Mo-5V-3Cr-0.5Fe o phase nucleates
in Al-rich regions in the vicinity of 3/w interface via displacive-diffusional
transformation in which the rate-controlling mechanism is the diffusional
partitioning of the alloying elements [60]. Similar results were observed in
Ti-6Cr-5Mo-5V-4Al alloy [63]. Although, the preferential a nucleation sites
were oxygen rich regions at [/w interface. These regions can form due to
the diffusion of interstitial oxygen towards the dislocations at the interface.
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1.5 Electrical resistivity of titanium alloys

Out of many books describing electrical resistivity or resistance of metals in gen-
eral, only few mention unusual behaviour of electrical resistivity in Ti alloys
caused by ongoing phase transformations. Normalized resistivity of quenched
LCB Ti during heating and cooling between 30 °C and 900 °C with dT'/dt =
2 °Cmin~! investigated in [64] is shown in Fig. 1.6. Rossiter dedicated a special
chapter to displacive phase transitions such as 8 <> w [65]. Anomalous tem-
perature dependence of the electrical resistivity of metastable § titanium alloys
was noted for the first time around 1955 [66, 67]. Ho and Collins studied neg-
ative dp/dT in Ti-Mo alloys [68], which is the similar system as studied in this
thesis. The negative dp/dT dependence was also observed in other Ti-Ty al-
loys (where To= V, Cr, Nb) and in Zr-Nb [69-72], within concentration ranges
which is known to favour the precipitation of the w phase. Therefore, the de-
crease of resistance with increasing temperature from room temperature up to
approximately 200 °C (the exact temperature depends on the composition) was
attributed to dissolution of w phase back into g matrix. This transformation is
(at low temperatures) fully reversible, which was shown in our previous work [28],
where the resistance of the material after heating followed by cooling returned
back to the initial value. The electrical resistance of metastable [ titanium al-
loys usually exhibits another negative dp/dT dependence at higher temperatures.
Prima et al. related this negative dp/dT dependence in Ti-6.8Mo-4.5Fe-1.5A1 al-
loy to progressive vanishing of wjs, through w — « phase transformation [73,
74]. In their research they compared results of electrical resistance, dilatometry,
neutron diffraction and transmission electron microscopy. This is however, in
disagreement with our recent work performed on similar metastable £ titanium
alloy (Ti-15Mo). In the temperature range of the second decrease of resistance

o o o
O O O
N BN D
1 1 1

Normalized resistance (R/Ri)
(@)
©

0.84 .

0 500 1000
Temperature, 7/°C

Figure 1.6: Normalized resistivity of quenched LCB Ti during a thermal cycle
between 30 °C and 900 °C with dT'/dt = 2 °Cmin~" [64].
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with increasing temperature, we did not detect any a phase in the material and
explained this decrease by <+ w transformation [48].

The research of previously mentioned Prima et al. has dealt with very similar
topic as this study. They investigated the evolution of electrical resistance during
heating of metastable § titanium alloy (Ti-6.8Mo-4.5Fe-1.5A1 - also investigated
in this study). The result of their measurement is presented in Fig. 1.6. Even
though, the results are much noisier than ours (see chapter 4), the main features
(increases and decreases of resistance) are the same. Unfortunately, there are no
detailed information about utilized apparatus, which could allow us to discuss
difference in obtained data.

It has to be noted, that even thought the resistance measurement is an excel-
lent method for detection of phase transformations in titanium alloys [48, 6772,
74-76], it is an indirect method and has to be accompanied by other independ-
ent measurements (e.g. TEM, XRD, etc.) allowing to interpret correctly the
processes occurring in the material.
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2. Aims of the thesis

The main objective of the research presented in this thesis is the detection and
characterization of phase transformations occurring in metastable 5 Ti alloys,
primarily in Ti-15Mo alloy, during thermal treatment. These transformations
were investigated by electrical resistance and dilatometry measurements, ex-situ
and in-situ TEM, X-ray and neutron diffraction. The individual processes occur-
ring in material during thermal treatment will be identified and discussed.

The main objective will be accomplished by the following partial tasks:

e Detection and characterization of phase transformations occurring in meta-
stable 5-Ti alloys by several experimental techniques.

e Complete characterization of phase transformation by additional direct ex-
perimental methods, as e.g. TEM, XRD and ND.

e Determination of evolution of individual phases during heating.

e Comparison of results obtained by different experimental techniques and an
explanation of differences.
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3. Material and experimental
techniques

3.1 Material

In this research several metastable g titanium alloys were studied: Ti-15Mo, Ti-
6.8Mo-4.5Fe-1.5A1, Ti-5Al-5V-5Mo-3Cr, Ti-29Nb-1Fe-0.55i, Ti-15Mo-3Nb-3Al-
0.2Si and Ti-13Cr-1Fe-3Al (the content of alloying elements is given in wt. %). All
alloys were solution treated above their S-transus temperature and subsequently
water quenched. Mo equivalent was calculated for each alloy from the equation
determined in [1] and is shown together with alloy composition in Table 3.1. Brief
description and of each alloy follows. Phase transformations in these materials
were investigated by electrical resistance and compelmented by dilatometry, TER,
XRD and ND. Further investigations by dilatometry, transmission electron mi-
croscopy, X-ray and neutron diffractions were carried out on Ti-15Mo alloy. It is a
simple binary metastable £ alloy, which exhibits variety of phase transformations.

3.1.1 Ti-15Mo

Ti-15Mo (8.1 at. % of Mo) is used mainly for biomedical applications. It was
originally developed for the chemical industry to provide a titanium alloy with
improved corrosion resistance, low elastic modulus, high strength, good fatigue
resistance, and good ductility. High temperature applications were also investig-
ated but thermal handling difficulties and microstructure instability at moderate
temperatures prevented the extended use in the aerospace industry [2].

The material was supplied by two different manufacturers (TIMET and Car-
penter Technology Corporation). The initial batch was in an unsuitable shape
for preparation of single crystals and the manufacturer refused to prepare the
material in a convenient shape. As the amount of material from the first batch
was insufficient for all experiments the second batch was supplied by another
manufactures. Each batch has a slightly different composition, which influences
partly the results. In the "Results” chapter, each batch will be referred to avoid
any confusion in the interpretation of results.

3.1.2 Ti-6.8Mo-4.5Fe-1.5A1 (LCB)

Timetal LCB is a 8 titanium alloy invented by TIMET which offers advantages
of good cold formability, heat treatability and ductility. This alloy is used in
aerospace and formula car applications and competes favourably with the con-
ventional materials like steels. The name LCB, stands for “Low-Cost Beta” [3].
The production cost is lowered to less than 50 % compared to other alloys due to
relatively cheap Fe-Mo master alloy. Another cost reduction is performed thanks
to good forging and rolling properties of this alloy [4].
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Alloy Mo Fe Al V Cr Nb Si | Mo equivalence
Ti-15Mo 15 - - - - - - 8.09
LCB 6.8 45 15 - - - - 6.82
Ti-5553 5 - 5 5 3 - - 3.92
TNFS - 1 - - - 29 05 6.19
Timetal 21S | 15 - 3 - - 3 02 5.50
TCFA - 1 3 - 13 - - 11.06

Table 3.1: Compositions of studied alloys in wt. %.

3.1.3 Ti-5A1-5V-5Mo-3Cr (Ti-5553)

Ti-5553 is used in airplanes for structural components such as landing gears or
airframe components. This alloy is based on the Ti-alloy VT22 (Ti-4.74A1-5.04V-
5.57Mo-0.81Cr-0.98Fe in wt. %). It has an ultimate tensile strength of about
1300 MPa with a nominal density of 4670 kg/m?. Ti-5553 was aimed to substitute
the alloy Ti-10V-2Fe-3Al through developing an alloy with higher strength, less
prone to segregation and lower cost [5]. The alloy was produced by VSPMO Tirus
Ltd.

3.1.4 Ti-29Nb-1Fe-0.5Si (TNFS)

TNFS is newly developed Nb-based metastable -Ti alloy with exceptionally
low elastic modulus and a high potential in biomedical applications. Combined
alloying by Fe and Si leads to higher strength levels. It is reported that an Si
content up to 1 wt.% decreases the elastic modulus to 48 GPa, which is quite
close to the elastic modulus of cortical bone (10 - 30 GPa). However, this fact
is related to the lower concentration of [ stabilizing elements which leads to the
lower stability of the § phase rather than to an intrinsic effect of Si on the [ phase
matrix [6]. The alloy was produced by GfE Fremat GmbH.

3.1.5 Ti-15Mo-3Nb-3A1-0.2Si (Timetal 21S)

TIMETAL 21S has a high specific strength, good cold formability and has been
designed for a high oxidation resistance, elevated temperature strength, creep
resistance, and thermal stability. It is useful for applications between 228 and
593 °C. The alloy has excellent resistance to aircraft hydraulic fluids at all tem-
peratures. TIMETAL 21S is well suited for metal matrix composites, it can be
economically rolled to foil, is compatible with most fibers, and sufficiently stable
up to 816 °C. The alloy was produced by the same company as the first batch of
Ti-15Mo and LCB, TIMET company.

3.1.6 Ti-13Cr-1Fe-3Al (TCFA)

TCFA alloy was developed as an affordable priced titanium-based material for
general use. This metastable § titanium alloy contains only inexpensive alloying
elements. It posses typical advantages of titanium alloys such as a high specific
strength, good cold formability and a high oxidation resistance. The alloy was
produced by Daido steel Company Ltd.
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3.1.7 Preparation of single crystals

X-ray diffraction experiment was performed on single crystalline Ti-15Mo. In-
vestigation of a single crystal allows to distinguish all 4 crystallographic families
of w and all 12 variants of a phase.

The single crystals were grown in the optical furnace from a rod with diameter
of 9 mm. The furnace was evacuated by a turbomolecular pump up to 10~% mbar
to avoid oxidation of the titanium alloy. After proper evacuation the quartz
chamber was filled with high purity Ar protective atmosphere. At the beginning
of each crystal growth, a neck was created in order to isolate one grain. The
pulling rate was 10 mm/h and the rotation velocity of both the upper and the
lower shaft was 5 rpm. The total length of grown crystals was up to 9 cm. A
thorough explanation of the growth process can be found in [7].

3.2 Electrical resistance

Measurements of electrical resistance of the samples were performed employing a
self-made apparatus, whose scheme is given in Fig. 3.1.

7 2 8 4

/ ,’/
9 X
1 3

Figure 3.1: Scheme of apparatus employed for electrical resistance measurements:
1 - thermocouple, 2 - sample, 3 - signal lead, 4 - heating coil, 5 - power lead, 6 -
water cooling system, 7 - heat basin, 8 - sample holder, 9 - heat barrier.

A four-point methods of electrical resistance measurement was employed. The
scheme of electrical circuit of this technique is shown in Fig. 3.2. The two outer
probes serve as supply of electrical current, while the voltage is measured between
the two inner contacts. As the resistance of the voltmeter is much greater than
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the resistance of the sample, the current which flows through the voltmeter is
negligible compared to the flow through the sample. Thus, the resistance of
the voltmeter leads and contacts does affect measured value. The influence of
transient and thermoelectric effects, which arise due to different temperatures on
the contacts during voltage measurements and on joints of different material is
eliminated by calculating the average voltage values measured for current flow in
both directions. Due to the setup of this method, the resistance of contact leads
and their welds with the sample does not affect the measured electrical resistance.
The current is the same at all points in the circuit. As only voltage drop across
the sample is measured (and not the wires resistances), the calculated electrical
resistance represents solely the resistance of the sample (Rsgmpie). The numbers 1
- 4 in Fig. 3.2 label wires, which were welded to respective contacts on the sample
(see Fig. 3.3).

Am ;n\eter R
(B! 1
Voltmeter  Ruire p)

_— R.. Rsample

10 mm

3

4

Figure 3.3: Shape of the sample used for electrical resistance measurements.

The voltage was measured simultaneously with the electrical current utilizing
nanovoltmeter Keithley 2182 and SourceMeter Keithley 2400 device, respectively,
which allows relative measuring error to be less than 10~* at each measured point
while acquiring about 2 points per second [8]. There are two heating elements
(number 4 in Fig. 3.1). They are placed on top and underneath the sample,
respectively. Each heating coil has its own source (Kikusui PAS-40-18), which
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provide current used for heating. The temperature is measured by K type ther-
mocouple placed in a vicinity of the sample. Measured samples were flat of the
thickness slightly less than 1 mm and the size of 15 x 10 mm?. They were cut
to the shape of letter S to increase the effective length of the sample for electric
current flow and four contacts were appropriately joined. The samples shape and
dimensions are shown in Fig. 3.3.

3.3 Dilatometry

Thermal expansion of the material was studied utilizing Linseis L75 PT vertical
dilatometer, which has a dual measuring system (see Fig. 3.4). The apparatus
allows to measure length changes of a sample and a reference with a known
thermal expansivity or two samples simultaneously.

Dilatometry is a technique for characterizing dimensional changes of a material
caused by physical or chemical processes. These processes can be studied as a
function of temperature or time. The sample holder is usually in a shape of a tube
with a closed end. The sample is in a contact with the end of the tube and a push
rod which transfers the length changes of the sample to the measuring system.
The spring-loaded push rod applies a constant force to the sample throughout the
measurement. The sample holder and the push rod are manufactured from the
same material which has a minimal thermal expansivity and does not undergo
any phase transitions in the studied temperature range. Fused silica (quartz
glass) or Al,O3 are the most often used for this application. The length changes
of the samples are detected by a linear variable differential transformer (LVDT)
sensor which works on the principle of electric transformer with a core. From
the dilatometric curve it is possible to analyse temperature and kinetics of phase
transformations or to calculate the coefficient of thermal expansion.

furnace—

sample/reference

sample holder push rod

I LVDT sensor
- —

Figure 3.4: Scheme of vertical dilatometer with dual measuring system.
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3.3.1 Sample preparation

Cylindrical or prismatical specimens were used. The maximum length is 50 mm
and the maximum diameter is 6 mm (cylidrical specimens). Samples should have
strictly parallel bases and the main axis perpendicular to them. In order, to
prepare samples with desired specifications a special specimen holder was de-
veloped. The model of the holder is shown in Fig. 3.5. Parts of the holder are
in red, cylindrical sample in blue a prismatical sample in green. The holder may
hold two samples simultaneously. The height of the holder is 15 mm, which is
5 mm less than usually used 20 mm long samples. When the samples are fixed
in the holder, they stick out on both sides. Then the holder is placed in a cyl-
indrical shell with inner diameter of same size as diameter of the holder. The
cylindrical shell secures, that the main axis of the samples is perpendicular to
grinding papers during preparation. The bases of the samples are then grinded
and polished. After sufficient polishing, the holder is flipped and opposite sample
bases are grinded. Such procedure allows to produce two specimens for thermal
expansion measurement of required precision/geometry.

Figure 3.5: Holder for preparation of the samples for thermal expansion meas-
urements.

The most used length of specimens of 20 mm was chosen because of supplied
reference specimens are 20 mm long cylinders with the diameter of 6 mm. The
samples and the reference are placed in the same height and distance from fur-
nace walls. Measuring with the samples of the same length ensures same the
temperature distribution along the samples and references axis. The specimens
measured in this study were prisms of 20 mm height with base 4 x 4 mm?. Prisms
were chosen due to their easier preparation with laboratory equipment compared
to cylinders.

3.4 X-ray diffraction

When X-rays propagate through a material, the following processes are considered
as diffraction [9]:
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e Coherent scattering, which produces beams with the same wavelength as
the incident (primary) beam.

e Incoherent (Compton) scattering. The wavelength of the scattered beam
increases due to partial loss of photon energy in collisions with core electrons
(the Compton effect).

e Absorption of the x-rays. Some photons are dissipated in random directions
due to scattering, and some photons lose their energy by ejecting electron(s)
from an atom and/or due to the photoelectric effect.

Incoherent scattering is generally neglected. Absorption is usually taken into
account only when it becomes significant. Thus, in the first approximation only
coherent scattering results in the diffraction from periodic lattices. There are two
different levels of approximation for the interaction of X-rays (or any other type of
radiation with the proper wavelength) with a crystal - kinematical and dynamical
theories of diffraction. In the kinematical diffraction, a beam scattered once does
not scatter again before it leaves the crystal. Thus, the kinematical theory of
diffraction is based on the assumption that the interaction of the diffracted beam
with the crystal is negligible, which requires the following assumptions [9]:

1. Crystal consists of individual crystallites, which are slightly misaligned with
respect to each other.

2. The size of the crystallites is small.

3. The misalignment of the crystallites is large enough, so that the interaction
of x-rays with matter at the length scale exceeding the size of mosaic blocks
is negligible.

On the other hand, the theory of the dynamical diffraction accounts for scat-
tering of the diffracted beam and other interactions of waves inside the crystal,
and thus the mathematical apparatus of the theory is quite complex. The kin-
ematical approach is simple, and adequately and accurately describes the diffrac-
tion of X-rays from crystals [9]. Hence, the kinematical theory of diffraction is
used in this thesis.

Diffraction can be observed only when the wavelength is of the same order of
magnitude as the repetitive distance between the scattering objects. The most
useful way to describe the diffraction of X-rays by a crystal is by the Bragg
law [10]. The incident X-rays hit the crystal planes with an incident angle 6 and
reflection angle 6 (see Fig. 3.6a). The diffraction occur when the Bragg condition
is satisfied:

nA = 2dsind. (3.1)

Here n is an integer number, A is the wavelength, d is the distance between
each adjacent crystal planes (d-spacing), 6 is the Bragg angle at which one ob-
serves a diffraction peak. If a single wavelength is used, the Bragg equation is
typically expressed with n = 1 because the higher order reflections can be con-
sidered as being from different lattice planes. For perfect crystals with perfect
instrumentation, the diffraction peak is a delta function as shown in Fig. 3.6b.
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The diffracted intensity is denoted by I. A typical diffraction peak is a broadened
as displayed in Fig. 3.6b. The peak broadening can be caused by many effects,
including imperfect crystal conditions, such as strain, mosaic structure, and fi-
nite size; ambient conditions, such as atomic thermal vibration; and instrumental
conditions, such as X-ray beam size, beam divergence, beam spectrum distribu-
tion, and detector resolution [11]. The total diffracted intensity of a diffracted
beam can be determined from the area under the curve, which is referred to as
integrated intensity. The integrated intensity is a more consistent value for meas-
uring the diffracted intensity of a reflection since it is less affected by all the peak
broadening factors.

FWHM

[max

v qg——

(a) (b)

Figure 3.6: (a) The incident and reflected X-rays. (b) The diffraction peak [11].

X-ray diffraction phenomena can also be explained in reciprocal space by the
reciprocal lattice and the Ewald sphere [12]. Reciprocal lattice is a transformation
of the crystal lattice in real space to reciprocal space. The shape and size of
a unit cell in real space are defined by vectors a, b, and c. The unit cell of
the corresponding reciprocal lattice is given by vectors a*, b*, and c*. The
relationship between these vectors is shown bellow:

1

at = V(b X c),
1

b* = V(C X a), (3.2)
1

c' = V(a x b),

where V' is the volume of the unit cell in the real space. The relationship between
the Bragg condition and the reciprocal lattice can be visually explained by the
Ewald sphere (see Fig. 3.7). The diffracting crystal is located in the center of the
Ewald sphere. The radius of the Ewald sphere is defined as 1/A. The incident
beam and diffracted beam make an angle § with the crystal lattice palnes (hkl).
Initial points of both incident beam vector Sy/A and diffracted beam vector S/\
are at the center of the sphere and end at points O and P, respectively. The
vector from O to P is the reciprocal lattice vector perpendicular to the crystal
planes, which can be calculated as (S — Sg)/\.
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Diffracted beam

Ewald’s sphere

Figure 3.7: The Ewald sphere and Bragg condition in reciprocal space [13].

In a powder diffraction, for a fixed energy of X-ray (or wavelength £ = he/)\),
the diffracted beam takes all directions at a 260 angle from the incident beam dir-
ection (see Fig. 3.8). The diffracted beams form a cone, referred to as diffraction
cone, with the incident beam on the rotation axis. In the illustration with the
Ewald sphere, the diffraction cone and the diffraction vector cone start from dif-
ferent points. In real space geometry, both the diffraction cone and the diffraction
vector cone are considered as starting from the same point (the sample location
or instrument center). On the other hand, for a diffraction at single-crystal from
a set of crystal planes (hkl), the diffracted beam does not form a cone, it diffracts
to exactly one point at the Ewald sphere determined by the incident angle and

Diffraction vector cone Diffraction cone

Ewald sphere

Figure 3.8: Diffraction cone and diffraction vector cone illustrated on the Ewald
sphere [11].
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X-ray diffraction was measured at the synchrotron ESRF, Grenoble, at the
high energy beamline ID11 using photon energy of 60 keV. The diffraction pat-
terns were detected by a two-dimensional CCD detector (FReLoN 2k) with 49 x
49 pm? pixel size. The detector was placed at the distance of 26.6 cm from the
sample, perpendicular to the incident beam, which was directed exactly to the
center of the detector. A schematic representation of the experimental setup is
shown in Fig. 3.9.

Detector

Sample

Primary beam

Figure 3.9: Schematic representation of experimental setup.

The signal was acquired in-situ during linear heating with the heating rate
of 5 °C/min from room temperature to 660 °C. The acquisition time of a single
frame at the beginning of the experiment was 10 s. An oversaturation of the
detector caused by an increase of the diffracted intensity due to ongoing phase
transformations in the material during heating required a reduction of the expos-
ure time of a single frame to 2 s and later to 1 s. In order to maintain a favorable
signal to noise ratio, the reduction of the acquisition time was compensated by
a proportional increase of the number of frames, which were summed to obtain
the final diffraction pattern (5 and 10 frames for 2 s and 1 s acquisition time,
respectively).

The measured intensity was corrected for camera sensitivity, acquisition time
and absorption in the sample. The background scattering was subtracted.

3.5 Transmission electron microscopy

A beam of high energy electrons is used in transmission electron microscopy
(TEM) for imaging. Focused electron beam interacts with the sample. The
electrons diffract on a crystal lattice. Objective lens forms a diffraction pattern
in its back focal plane, where an objective aperture can be used to select a direct
(bright field) or a diffracted (dark field) beam. The image in the image plane is
then formed only by electrons selected by the objective aperture. The resulting
image consists of transmitted (not diffracted) and diffracted electrons, which is
observed either on a fluorescent screen or CCD camera. Resolution of TEM is of
the order 107!° m. Diffraction pattern and Kikuchi lines are formed in the back
focal plane of the objective lense (diffraction mode of the microscope). Kikuchi
lines are the pairs of lines formed by the Bragg diffraction of diffusely scattered
electrons [14]. Using Kichichi lines, the exact local orientation of the specimen
may be determined (the direction of the normal to the specimen surface) [15].
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Figure 3.10: Distorted microstructure of the electropolished sample.

For TEM observation, samples in the form of a disc with a diameter of 3 mm
with a hole in the middle need to be produced. About 0.15 mm thin plates were
prepared using abrasive papers. After that, the discs with the diameter of 3 mm
were mechanically punched from the thin plate. Struers Tenupol 5 was initially
used to electropolish the specimens. However, during electropolishing of Ti-15Mo
alloy distortion of the samples always occured. The distorted structure of the
samples is shown in Fig. 3.10. According to [16], the material gets contaminated
by hydrogen during electropolishing at low temperatures. The hydrides form
inside the material, which results in swelling accompanied by twinning. When
the hole appear, the tension in material caused by hydrides and strains around
w particles distorts the sample. After heating up to room temperature, hydrogen
evaporates, but the distorted structure remains. The needle-shaped areas clearly
visible in Fig. 3.10 probably occurs during creation of hole, due to strains in
sample.

In order to prevent distortion of the sample, different technique of sample
preparation had to be used. Another set of the samples was prepared by dimple
grinding. After the dimpling the samples were subjected to ion milling. Ion
milling occurs at room temperature therefore the distortion of thin areas due to
the hydrides formation is avoided. However, the force exerted by the dimpling
tool causes « phase to form. The microstructure of the material prepared in
a described way is shown in Fig. 3.11a. White lines are result of topographic
contrast caused by ion milling. The dark bands are colonies of « precipitates
formed during dimple grinding. Detail of the dark strips, which contains rod-like
a precipitates, is presented in Fig. 3.11b.

In order to avoid the formation of both mentined artefacts, a two-step method
of thin foil preparation was employed: electropolishing followed by ion-milling.
Initially, the samples were electropolished without penetration, which resulted in
not distorted microstructure shown in Fig. 3.12a. The first sample of each batch
was used to determine time needed for the penetration. Electropolishing of the
others was stopped few seconds before reaching this time. The hole was made by
ion polishing at room temperature. The tension in the material is lower at this
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(a) Microstructure of the material after dimple grinding and
ion milling.

(b) Detailed microstructure of the material after dimple
grinding and ion milling.

Figure 3.11: Distorted microstructure of the material due to dimple grinding and
ion milling.

temperature, because there should not be any hydrides present. Moreover the
amount of wyy, particles should decrease after heating up to room temperature,
which decrease strains in the material to a level, at which the material does
not distort when the hole appears. This can be seen in Fig. 3.12b, where the
microstructure of material prepared in such way is shown. The last preparation
procedure was found as the most fitting and was used to prepare all TEM samples
observed in this study.

Another possibility of the samples preparation is by utilizing focused ion beam
milling in scanning electron microscope, which could provide TEM lamella of
site specific locations. However, such procedure is highly time consuming and
therefore this method was avoided.
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(a) Microstructure of the material after electropolishing
without penetration.

(b) Microstructure of the electropolished material penetrated
by ion milling.

Figure 3.12: Non-distorted microstructure of the electropolished material penet-
rated by ion milling.

The prepared samples were mounted on one of holders which allow either
double tilt or heating (for in-situ observations). The observations were performed
on JEOL 2200FS microscope with an accelerating voltage of 200 kV.

3.6 Neutron diffraction

The basic principle of neutron diffraction is the same as that of X-ray or electron
diffraction. There are several disadvantages of neutron diffraction comparing to
the X-ray or electrons. The neutron sources are not so easily available (spallation
source, nuclear reactor), as X-ray devices or TEMs. The intensity of neutron
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diffraction, even with the most powerful sources, is lower than that for the X-
rays. Moreover, the effective cross-section for neutrons is highly inferior to that of
X-rays. That leads to the higher acquisition time during the neutron diffraction
measurements. On the other hand, the main advantages of neutron diffraction are
a large penetration depth, no radiation damage, the high sensitivity to light atoms
and the ability to distinguish isotopes. The penetration depth of thermal neut-
rons is in order of centimeters. Thermal neutrons have the Maxwell-Boltzmann
distribution of energies. In order to get the monochromatic beam, it is necessary
to use a monochromator.

The neutron diffraction experiments were performed at the Institut Laue-
Langevin (ILL), Grenoble, France, at the instrument D20 with extremely high
neutron flux utilizing the neutrons with the wavelength of 1.54 A. The detector
at D20 covers a scattering range of 153.6 °, and allows to obtain the diffraction
pattern in a range of seconds as a function of temperature, pressure or other
parameters. The scheme of the instrument is shown at Fig. 3.13. The thermal
neutron beam from the reactor is divided into two parallel beams, one for D2B,
the other for D20. The D20 beam first reaches one of its four monochromators.
The monochromatic beam leaves the monochromator shielding by one of its five
take-off ports, each offering a different instrument resolution. It then reaches the
sample (usually a cylinder of powder in a furnace or in a cryostat) which diffracts
it in many directions. The diffracted beams are simultaneously counted by the
large microstrip multidetector. The counts are accumulated during a certain time
to give a powder diffraction pattern with a suitable intensity [17].

Monochromator carousel Diffraction pattern

Neutrons

Position Sensitive Detector (PSD)

Figure 3.13: Layout of the instrument D20 [17].

Three experiments were performed. During the first measurement, linear
heating with the heating rate of 1.875 °C/min up to 850 °C was utilized (the
best approximation of the heating rate that was used during measurement of
evolution of elastic constants of Ti-5553 in [18]). The the signal was also acquired
during cooling with rate of 5 °C/min down to 160 °C. For the second experiment
both heating and cooling rate of 5 °C/min was utilized. The maximum reached
temperature was again 850 °C. The sample studied in the third experiment was
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heated up to 450 °C with the heating rate of 1.875 °C/min and aged at this
temperature for 7 h and 10 min. The ageing was followed by cooling to 150 °C.
The acquisition time of a single spectra was 32 s for heating rate of 1.875 °C/min
(one pattern per K) and 30 s for heating (cooling) rate of 5 °C/min. During
ageing the acquisition time was set to one minute.
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4. Results and discussion

The methods introduced in the previous chapter were used to accomplish the
aims of this work. This chapter is divided into individual parts in which the
results of each experimental method are presented. Initial condition of each alloy
corresponds to solution treatment of each respective material above S-transus for
4 hours followed by water quenching.

4.1 Electrical resistance measurement

All measurements in Electrical resistance section were repeated several times to
make sure that the obtained results are correct. In all cases, the results did not
deviate from each other up to the temperature of about 700 °C. Above that the
oxidation rate varies between individual measurements due to inability to ensure
the same levels of oxygen in each measurement and due to different time the
samples spent at these temperatures with respect to heating rate.

The first method used to investigate phase transformations occurring in Ti-
15Mo, was in-situ electrical resistance measurement. The record of of the typical
measurement of solution treated Ti-15Mo during heating with heating rate of
5 °C/min from RT to 850 °C is shown in Fig. 4.1.

1.00; I Il [l v \
0.99;
0.981

o
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Figure 4.1: The evolution of electrical resistance of Ti-15Mo alloys during heating
with the heating rate of 5 °C/min.

The absolute electrical resistivity value of the material cannot be determined
with sufficient accuracy due to a complex shape of the sample required for the
measurement (see Fig. 3.3). The efficient length and efficient cross-section of the
conductor cannot be estimated with accuracy required to determine the electrical
resistivity correctly. Therefore, only relative changes of the electrical resistance
during heating provide meaningful information about undergoing processes in the
material. The relative electrical resistance is calculated by dividing the measured
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electrical resistance of the sample by some reference electrical resistance meas-
ured for the same sample, typically the resistance of the sample measured around
room temperature, i.e. R/Rsp. The comparison of relative electrical resistance
evolution of two different samples is substantiated only if these two reference
values correspond to the same microstructural condition and phase composition
(and, of course, the same temperature). Only under this assumptions the nor-
malization by the value Rjy rules out the shape factor of the sample. On the
other hand, even though the initial condition of all studied materials consists of
[ phase matrix and small w particles, the normalization for different materials
allows only comparison of relative changes of the electrical resistance. It does
not mean that the real value of electrical resistivity of those materials at room
temperature is always the same.

The solid red line in Fig. 4.1 corresponds to the electrical resistivity evolution
of Ti-15Mo. One can easily distinguish, that the electrical resistance dependence
on temperature is not linear, which is a typical behaviour of metals. Several stages
corresponding to the monotonous increase and/or decrease of the resistance can
be identified. Hypotheses of the occurring processes and their influence on the
electrical resistivity of Ti-15Mo alloy in each stage will be discussed in following
paragraphs. Additional experiments were employed to verify these assumptions.

At low temperatures (RT-230 °C) - stage I - the decrease of electrical resist-
ance with increasing temperature was observed. This can be attributed to the
dissolution of wgyy, phase. In the vicinity of the coherent 3 /w interface, the elastic
strain field is formed which acts as the scattering zone for conducting electrons [1].
Therefore, during the dissolution of wy, phase particles, the elastic strain fields
are released, which clears the matrix for electron drift. This results in the de-
crease in conduction electron scattering and therefore to the electrical resistance
drop.

In stage II (230 - 365 °C) the resistance increases with increasing temper-
ature. In this temperature range, particles, referred to as wjs,, grow due to
diffusion-driven chemical stabilization [7]. This process should be accompanied
by the increasing amount of §/w interfaces, and therefore the electrical resistiv-
ity increases [2]. Note that the electrical resistivity also partly increases during
heating due to electron-phonon scattering.

In stage III (365 - 560 °C) the electrical resistance declines with increasing
temperature. The main reason is the decreasing volume fraction of semicoherent
wiso Particles. This can be caused either by precipitation of « particles [2] (some-
times referred to as a-nano [3]) or simply by dissolution of w;, particles back to
£ matrix due to lower stability of the w phase in this temperature range [4]. The
dilatometry measurements were also able to detect changes of thermal expansion
at these temperatures [5].

In stage IV (560 - 730 °C), « particles precipitate and grow directly in
$ matrix [2]. The volume fraction of o phase increases until it starts to decrease
towards the [-transus temperature that was found to be around 730 °C. This
agrees well with the S-transus temperature given in the binary equilibrium phase
diagram of TiMo system [6].

Stage V (T > 730 °C) is located above (-transus temperature, where the
electrical resistance increases due to electron-phonon interactions.
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4.1.1 Effect of different chemical composition of Ti-15Mo

The comparison of electrical resistance evolution of two Ti-15Mo alloys supplied
by different manufacturers is presented in Fig. 4.2. The red curve in Fig. 4.2 is the
same as shown in Fig. 4.1. Composition of both materials satisfies the standard [7]
shown in Table 4.1. One can see, however, that even small changes in chemical
composition within the standard affect the processes occurring in the material.
The first minimum and maximum of blue line are shifted both in the temperature
and the resistance. Even though the differences are small, they are not negligible.
Most of the electrical resistance measurements were performed at the alloy marked
as 1 in Fig. 4.2, which will be addressed as Ti-15Mo in electrical resistance and
dilatomery sections. On the other hand, type 2 alloy was used for preparation of
single-crystals for diffraction experiments. In order to emphasize the differences
between these materials and to prove the reproducibility of measurements, the
record of remeasured electrical resistance of type 1 alloy with the same heating
rate up to 550 °C is plotted in Fig. 4.2 as the green line.
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Figure 4.2: The comparison of electrical resistance trend of two Ti-15Mo alloys
during heating with heating rate of 5 °C/min.

Element Ni C H Fe @) Mo Ti
Wt. %  <0.05 <0.1 <0.015 <0.1 <0.2 14.0-16.0 Balance

Table 4.1: Composition limits of the Ti-15Mo alloy [7].

4.1.2 Effect of heating rate

The effect of heating rate on processes occurring during heating was studied in
three alloys LCB, Ti-15Mo and Ti-5553 (in Appendices A).
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Ti-15Mo

Comparison of electrical resistance of Ti-15Mo during heating with different heat-
ing rates is shown in Fig. 4.3.

1.021 --- 1°C/min i
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Figure 4.3: The electrical resistance of Ti-15Mo during heating with different
heating rates.

The comparison of different heating rates in Fig. 4.3 shows shifts of the first
local minimum and maximum of resistance curves to higher temperatures with
increasing heating rate. For heating rates of 1, 5 and 50 °C/min the first minima
are at 190, 225 and 300 °C, respectively; while the respective maxima are at
335, 365, 435 °C. These shifts indicate that diffusion controlled processes, which
affect the electrical resistance, occur in the material. On the other hand, the
abrupt change in the monotonicity at 560 °C does not depend on the heating
rate. The authors in [8] claim that this sharp minimum in the relative resistance
corresponds to the return of the microstructure towards equilibrium in o 4+
domain. However, all a phase related transformations should be also a diffusion
controlled processes and therefore the independence of the heating rate is rather
surprising.

During further heating (7" > 560 °C) the resistance increases and the con-
centration of a phase first increases to reach an equilibrium and then close to (-
transus « phase concentration decreases again. Above fS-transus (about 730 °C)
« phase dissolves completely. The precipitation of a phase is diffusion controlled
process, therefore, it strongly depends on the heating rate. The volume frac-
tion of (newly) formed « phase increases with decreasing heating rate. The high
amount of o phase precipitated during the experiment with the slowest heating
rate of 1 °C/min exhibits the higher increase of the electrical resistance above
600 °C compared to both other measurements and the subsequent dissolution of
« phase causes a small bump of the electrical resistance at about 730 °C. The
different evolution of the dashed blue curve at the highest temperatures is caused
by enhanced oxidation of the sample as it was exposed to these temperatures (T
> 700 °C) for the longest time.
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Figure 4.4: The electrical resistance LCB during heating with different heating
rates.

The comparison of influence of heating rate on evolution of electrical resistance
of LCB alloy is presented in Fig. 4.4. The LCB alloy is affected by different heating
rates in a slightly different way than Ti-15Mo. Unlike in the Ti-15Mo alloy, the
first minimum of the electrical resistance of LCB alloy is reached approximately
at the same temperature (~ 200 °C) for two slowest heating rates with slighly
lower value of the electrical resistance at the lowest heating rate. This could
be caused by smaller difference of the heating rates than in case of Ti-15Mo
measurements or by interactions of alloying elements, which cannot occur in
binary Ti-15Mo alloy. Moreover, the sharp minimum is shifted by 30 °C (480 and
510 °C for 1.9 and 5 °C/min, respectively). This shift is probably caused by higher
diffusivity of other alloying elements in 3 phase (Fe: Dy = 1.2x 107" m?/s [9], Al:
Dy = 3.9x107° m? /s [10]) compared to molybdenum (Dy = 1.1x107"° m?/s [11]),
which results in the shift of the sharp minimum to lower temperatures during
heating with the heating rate of 1.9 °C/min. This minimum in Ti-15Mo (probably
also in other § titanium alloys) indicates the stability limit of w phase, as reported
in [12].

On the other hand, for the heating rate of 50 °C/min, the second minimum
occurs at the same temperature as for the heating rate of 5 °C/min.

The inrease of the electrical resistance above 480 and 510 °C (for heating
rates of 1.9 and 5 (50) °C/min, respectively) is probably caused by 5 — « trans-
formations coupled with thermal increase of electrical resistivity due to lattice
vibrations and oxidation of the material [12]. During further heating the resist-
ance drops probably due to the decrease of the concentration of a phase close to
[-transus. Due to 3 <> « transformation being diffusion controlled, this bump
(maximum at 590 °C for the heating rate of 5 °C/min) is the lowest for the fast-
est heating rate. This testifies that the amount of precipitated o phase was the
lowest in this case.
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4.1.3 Single-crystals vs. polycrystals
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Figure 4.5: The evolution of electrical resistance of Ti-15Mo alloy during heating
with heating rate of 5 °C/min.

Single-crystals, subsequently investigated by diffraction experiments, were
prepared from LCB and Ti-15Mo alloys. The comparison of evolution of elec-
trical resistance during heating with the heating rate of 5 °C/min between single-
crystals and polycrystals of these alloys is presented in Fig. 4.5. On the other
hand, the electrical resistance of as-grown single-crystal of LCB (cooled down
in the optical furnace it was grown) compared to ST single-crystal of the same
alloy in Fig. 4.6. Note that chemical composition of single-crystals slightly dif-
fers from precursor polycrystalline materials [13]. The content of oxygen and
nitrogen is slightly higher single-crystals of both alloys. Atoms of nitrogen and
oxygen are « stabilizing and consequently the S-transus temperature is shifted to
higher temperatures in both cases. Moreover the LCB single-crystal has a lower
content of strongly /3 stabilizing iron (3.4 at.% instead of 3.7 at.%), which prob-
ably evaporates during single-crystal preparation. Therefore, differences between
polycrystalline material and single-crystals might be attributed not only to effect
of grain boundaries, but also to different chemical composition. The first minima
in Ti-15Mo single-crystal (i.e. the beginning of w;s, formation) is shifted to lower
temperature in comparison with the polycrystalline material. The position of the
first local maximum is the same for both Ti-15Mo samples. Sharp local minimum
is shifted from 560 °C in the polycrystalline sample to 575 °C in the single-crystal.
This effect is probably caused by different oxygen and nitrogen concentrations.

In the single-crystal grown from LCB alloy, the upper limit of reversible wg
transformation is shifted to a higher temperature. The position of the first local
maximum is also very similar for both samples. Contrary to Ti-15Mo alloy, the
sharp local minimum indicating the stability limit of w phase particles of LCB
single-crystal is shifted to a lower temperature from 510 °C to 495 °C.

A difference between the electrical resistance of the solution treated and "as-
grown” (i. e. not solution treated) LCB single-crystal can be observed in Fig. 4.6.
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The as-grown crystal consists of «, § and w phases at room temperature, which
causes different development of resistance at low temperatures (bellow 500 °C).
The increase of the electrical resistance of as-grown material above 500 °C is
attributed to complete dissolution of w phase and onset of 3 — « transformation.
The electrical resistance of the as-grown crystal undergoes very significant change
between two measured points, i. e. during less than 1 second (see the inset in 4.6).
This suggests a martensitic character of this phase transformation. The change of
the electrical resistance of ST single-crystal at this temperature is broader, which
indicates that o transformation is slower and occurs at a wider temperature range.
The slower rate of transformation in ST material and lower start temperature
could be due to formation of mosaic blocks, which occurred in the material during
solution treating followed by water quenching. The presence of the mosaic blocks
implies more dislocations, which could serve as preferential nucleation sites for
a phase, which allows progressive forming of a precipitates.

+0.925(
1001 1.000
10.900
-0.975
0.991 10.875
-0.950
o 0.981 o
o 0.925x
o 0.97 o
-0.900
0.96
-0.875
0.95{ — sT
—— as-grown -0.850

0 200 400 600 800
Temperature [°C]

Figure 4.6: The dependence of electrical resistance on temperature during heating
with the heating rate of 5 °C/min of ST and as-grown LCB single-crystal. The
rectangle denotes area enlarged in inset where all measured points are plotted
(spacing 1 s).

4.1.4 Summary of electrical resistance results

The electrical resistance of several metastable § titanium was measured during
linear heating. The influence of different chemical composition and the heating
rate was discussed. Also course of the electrical resistance evolution with temper-
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ature in SC a PC was compared. Finally, the effect of different initial condition
(ST vs. as grown material) was studied.

The comparison of the electrical resistance of several metastable -Ti alloys
is presented in Appendices B.

The dependence of electrical resistance on temperature of all studied meta-
stable [ alloys exhibits temperature regions in which the resistance increases with
increasing temperature. The electrical resistivity of metals typically increases
with increasing temperature due to lattice vibrations, the significant drops ob-
served in investigated alloys are caused by ongoing phase transformations.

Other remarkable feature of resistance curves of several of studied materials
(LCB, Ti-15Mo, TNFS) is a sharp minimum (observed between 500 and 600 °C),
which is related to the stability limit of w and the onset of o formation. This
minimum does not or only slightly depends on heating rate. Similar feature was
observed for Ti-5553 alloy as small bump. Due to Ti-15Mo being the simplest
system of above mentioned alloys, other experiments were performed using this
material. We assume that the conclusions deducted for this alloy can explain
similar behaviour of other metastable g titanium alloys.

Figs. 41, 42 and 43 clearly show effect chemical composition on electrical
resistance of metastable [ titanium alloy. Our results indicate, that even small
changes in materials composition could cause distinct effects (cf. Fig. 4.2).
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4.2 Dilatometry

The evolution of thermal expansion of the Ti-15Mo was measured in-situ during
linear heating with the heating rates of 1, 5 and 20 °C/min up to 850 °C. The
results of all measurements of thermal expansion are shown in Fig. 4.7. All
curves deviate from linearity for all heating rates. The deflection is shifted to
higher temperatures for faster heating rates. Between 300 - 400 °C the material
starts to expand faster, up to about 560 °C, where the curves return to linearity
up to 850 °C.

1.008{ --- 1 °C/min
—— 5 °C/min /,«;f’
~+= 20 °C/min el
1.006- e
3
3 1.004
1.002"
1.000+
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Figure 4.7: Thermal expansion of Ti-15Mo during heating with different heating
rates.

Additional information can be obtained from the derivative of thermal expan-
sion, which represents the linear expansion coefficient () of the material. The
definition of the linear expansion coefficient is given by the equation:

_1dL
- LodT”

The evolution of ay for all three heating rates is displayed in Fig. 4.8. Un-
fortunately, the heating rate of 20 °C/min is already beyond the performence
ability of the apparatus, which resulted in influencing the results. The furnace
was unable to heat the specimen at low temperatures fast enough. The correct
heating rate was reached at about 250 °C, which is manifested by a peak at this
temperature, which does not appear in the other curves. Otherwise all curves
show similar courses. Interestingly, around 300 °C « is negative, which corres-
ponds to the material shrinkage with increasing temperature. This behavior can
be attributed to the decrease of lattice parameters of both 5 and w phases, which
was also observed during isothermal ageing of LCB alloy at 300 °C [14]. At higher
temperatures «y, increases and the dissolution of w particles at 560 °C causes an
abrupt decrease of ay. Between 560 and 750 °C there is an apparent bump at
oy, evolution measured with the heating rate 1 °C/min. This bump is probably
connected to a phase formation and its subsequent dissolution toward [-transus

ar (4.1)
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as the slowest heating rate provides the longest time for o phase to precipitate.
The last observable change of «a, which probably corresponds to complete dis-
solution of « phase (/-transus), occurs at about 760 °C. At temperatures above
800 °C the values of «, are nearly equal for all heating rates indicating that no
additional transformations occur in the material.

=== 1 °C/min
31 | —— 5 °C/min
T 20 °C/min
O 2]
i
o
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0.
0 200 400 600 800

Temperature [°C]

Figure 4.8: Thermal expansion coefficient of Ti-15Mo during heating with differ-
ent heating rates.

4.2.1 Summary of dilatometry

The thermal expansion of Ti-15Mo during heating with different heating rates was
investigated. The results confirmed that dilatometry is an appropriate method
for the detection of phase transformations occurring in titanium alloys. However,
the dilatometer, which was used, is suitable mainly for slower heating rates. The
heating rate of 20 °C/min is already behind the limit of the furnace. The mate-
rial exhibits an unusual behaviour at about 300 °C, where, for all heating rates,
the material shrinks with increasing temperature. The dissolution of w phase
was detected at the same temperature as in electrical resistance measurement
(560 °C). The thermal expansion coefficient allows to determine f-transus tem-
perature (~760 °C).

Additional microstructure observations have to be carried out to relate the
underlying microstructural changes with dilatometric measurements.
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4.3 Discussion of electrical resistance and dila-
tometry results

4.3.1 Complementarity of electrical resistance and dilato-
metry

The comparison of results of dilatometry and electrical resistance is shown in
Fig. 4.9. The blue and red lines correspond to thermal expansion and to elec-
trical resistance, respectively. Solid and dashed curves represent heating rate of 1
and 5 °C/min, respectively. The dependence of thermal expansion and electrical
resistance on temperature is shown in Fig. 4.9a and their derivatives are presen-
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(a) The dependence of thermal expansion and electrical resistance on temperature.
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(b) The derivative of electrical resistance and thermal expansion coefficient with respect
to temperature.

Figure 4.9: Comparison of dilatometry and electrical resistance resistance.
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ted in Fig. 4.9b. The derivatives provide more precise comparison of changes
obtained both by dilatometry and electrical resistance. It is obvious that the
onsets and ends of respective changes are easier comparable in Fig. 4.9b than in
Fig. 4.9a. One can also easily see, that, for the same heating rate, these methods
detected the individual processes to occur approximately at the same temper-
atures. For example the first minimum in derivative of resistance (maximum of
ay) corresponds to an irreversible diffusion assisted growth of the w;,, particles
occurs. Another important feature of the derivative curves is a significant drop
(increase) of oy, (electrical resistance derivative), which is caused by the complete
dissolution of w particles.

4.3.2 Microstructure observations of ST and pre-annealed
material

The most striking feature of the electrical resistance and thermal expansion meas-
urements of Ti-15Mo alloy presented in Fig. 4.9a is that all curves exhibit the
same sudden change at 560 °C irrespective of the heating rate. In order to ex-
amine this fact in detail, additional two conditions of material were prepared.
A bulk specimen was sealed in a quartz tube filled with Ar and heated up to
the temperature of 550 °C and 580 °C (i.e. just below and above the temperat-
ure of 560 °C) using the heating rate of 5 °C/min followed by immediate water
quenching.

TEM observations of ST specimen and samples quenched from 550 and 580 °C
were performed to gain more insight into undergoing phase transformation at
560 °C. The microstructures of these specimens are presented in Figs. 4.10,
4.11 and 4.12.
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(a) Electron diffraction pattern with a (b) DF obtained using the reflection spot

[110]5 zone axis, showing the presence of marked by red circle in Fig. 4.10a repres-
[ matrix and w particles. enting one family of w particles.

Figure 4.10: Microstructure of the ST specimen.

The diffraction pattern of the ST sample is shown in Fig. 4.10a. The strong
spots arise from [ matrix. The less intense reflections (marked by red and green
arrows) correspond to two different crystallographic orientations of w phase [15].
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The dark field (DF) image, Fig. 4.10b, shows one crystallographic family of
waen particles, which formed during quenching. Their longitudinal dimension is of
the order of nanometers, which is consistent with [16] where the authors showed
by HRTEM that ST Ti-15Mo consists of § phase and small elipsoidal-shaped
Waen particles (< 1.5 nm in length).

. (002): ; (112)1;
. w1

(a) Electron diffraction pattern with a (b) Superimposed DF TEM image, ob-
[110]5 zone axis, showing the presence of tained using the reflection spots marked by
5 matrix and w particles. The extra reflec- red and green circles in Fig. 4.11a repres-
tions marked by the black arrows are the enting two families of w particles.

result of double diffraction.

Figure 4.11: Microstructure of the specimen quenched from 550 °C.

Figs. 4.11a and 4.11b show selected area diffraction patterns (SAEDs) and a
superimposed DF image of two (out of four) crystallographic families of w;s, par-
ticles present in the sample quenched from 550 °C, respectively. From Fig. 4.11a
it is obvious that the material consists of § matrix and w phase particles. No
a phase was found in grain interior. However, some « precipitates were found
at grain boundaries. The wjs, particles shown in Fig. 4.11b (two crystallographic
families) are uniformly dispersed in the pre-annealed material, have elipsoidal
shape and their longitudinal dimension is about 50 nm. The length of these
wiso particles is aproximately 30 times bigger than of w,y, in the ST sample (cf.
Fig. 4.10b or [16]). The w;s, particles observed in Fig. 4.11b are also chemically
stabilized, which was proven by our previous SEM observations using chemical
contrast of back-scattered electrons [17].

SAED pattern of the sample quenched from 580 °C (Fig. 4.12a) contains be-
sides strong reflections from [ phase matrix and reflections from w phase other
weak spots marked with blue circles. Most probably these weak spots originate
from small newly developed « precipitates. Additional weak spots in blue circles
result from the double diffraction. Simulated diffraction pattern on Fig. 4.12¢
shows reflections of all three phases with Pitsch-Schrader orientation relationship
between o and 8 phases ((0001),, || (110) and [1120], || [100],) already observed
in Ti-Mo alloys in [18]. The DF image in Fig. 4.12b was obtained using a reflec-
tion spot of only one family of w phase particles. It can be observed that the
microstructure of this sample is very similar to the ST material (cf. Figs. 4.10b
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(a) Electron diffraction pattern with a (b) DF obtained using the reflection spot
[110]5 zone axis, showing the presence of marked red circle in Fig. 4.12a representing
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(c) Computed diffraction pattern showing Pitsch-Schrader orientation relation-
ship between « and [ phases.

Figure 4.12: Microstructure of the specimen quenched from 580 °C.

and 4.12b). Therefore it is assumed that the observed w particles are wg, particles
formed after quenching. Apparently lower number of wg,, particles at Fig. 4.12b
compared to Fig. 4.10b is caused only by different thickness of both specimens.

The comparison of the microstructures of the material in all three conditions
suggests that coarse wjs, particles, which are present in the sample quenched
from 550 °C, completely dissolve during heating between 550 and 580 °C. This
dissolution manifests itself most likely as the steep change in the resistance curve
at 560 °C with no (or very small) dependence on the heating rate (see Fig. 4.3).
Small w particles found in the sample quenched from 580 °C probably form during
quenching. The results indicate, that the vast majority of w;,, particles revert
back to 8 phase at 560 °C and consequently they cannot be direct precursors of
a precipitation. However, possible compositional pockets with low Mo content
left in 8 matrix in places of former presence of w;,, particles could affect o phase
precipitation. Consequently, there could be an indirect influence of w particles in
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« phase precipitation, which is consistent with previous reports [19, 20].

The absence of « phase in the sample quenched from 550 °C proves that
« phase does not precipitate during heating between 365 an 560 °C with the
heating rate of 5 °C/min.This fact does not rule out the possibility that o phase
precipitates in this temperature range during isothermal annealing. However, the
decrease of electrical resistance in this temperature range cannot be attributed
to precipitation of a particles.

4.3.3 Resistance evolution of ST and pre-annealed mate-
rial

In order to investigate the behaviour of the material quenched from 550 and
580 °C in more detail, the electrical resistance evolution during heating of both
preannealed specimens employing the heating rate of 5 °C/min was compared
with the resistance evolution of the material at the initial (ST) condition in
Fig. 4.13. Note that the normalization R/ Rsgp was necessary in this case to allow
direct comparison of results of three measurements of samples with different ini-
tial conditions. Obviously, at room temperature, the phase composition of each
of the pre-annealed samples is different from that in the ST condition. Therefore,
another selection of reference value must be considered. A natural choice of such
reference value would be resistance of each sample at any temperature above (-
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