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ABSTRACT

Titanium aluminides TisAl (x2), y-TiAl and TiAl; have received much attention for potential
applications where light weight for energy saving, room temperature corrosion resistance in aqueous

solutions, high-temperature oxidation resistance, or where combinations of the above are needed.

Gamma-TiAl of composition Ti-47.5 at.% Al with additions of platinum group metals (PGMs: Pt,
Pd, Ru and Ir) was investigated for microstructure, hardness, room temperature agueous corrosion,
high-temperature oxidation resistance, mechanical alloying and consolidation by spark plasma
sintering, and coating on titanium Grade 2 and Ti-6Al-4V substrates. Gamma-TiAl of Ti-47.5 at.%
Al produced by melting and casting gave a microstructure consisting of y grains and lamellar grains
with alternating of o, and y phase lamellae. Additions of 0.2, 1.0, 1.5, and 2.0 at.% PGMs introduced
new phases of high PGM contents. The y and lamellar phases were still present.

The additions of PGMs significantly improved the aqueous corrosion properties at room
temperature, by improving the pitting corrosion resistance of the y-TiAl alloy by modifying its
hydrogen evolution of the cathodic reaction. The presence of PGMs also influenced the oxidation
behaviour of y-TiAl at 950°by forming the Z-phase which stabilized a continuous protective Al,O;
phase. However, Ti-47.5 at.% Al, being a two-phase alloy (c«z+y), PGMs could not sustain a stable
Z-phase, as it transformed into an oxygen supersaturated TisAl, which subsequently led to the
formation of TiO,+Al,Os, a non-protective oxide mixture. The optimal PGM addition to y-TiAl was
0.5 at.%, with iridium giving the best room temperature corrosion and high-temperature oxidation

resistance.

Mechanical alloying of Ti and Al pure powders with PGM additions gave powders where o, and y
were only identified after heat treatment. Consolidation of the mechanically alloyed powders by spark
plasma sintering gave different microstructures from the cast alloys, with continuous o, and y phases
and evenly distributed nanometer-sized alumina, and much higher hardnesses.

Cold spraying the mechanically alloyed powders on to titanium Grade 2 and Ti-6Al-4V substrates
gave coatings of irregular thickness, dense near the substrates with porosity at the top, giving poor

oxidation protection.
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(«Ti): Titanium solid in « phase

(BTi): Titanium solid in 3 phase

a2: Titanium aluminide TisAl

y: Titanium aluminide TiAl
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8, & ¢ m,...: Intermediate phases

0: Bragg angle

fcc: Face centred cubic (crystal structure)
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CHAPTER 1
INTRODUCTION

1.1  Titanium aluminides for high-temperature structural applications

In the aluminium-titanium system, TizAl and TiAl are potential materials for structural applications
in the automotive and aerospace industries due to their particular properties (Froes et al., 1992; Froes,
1994). In many ways, their properties are better than those of conventional steel and nickel-based
superalloys. With densities below 4.5 g/cm?, these alloys offer an advantage of weight reduction over
high-temperature special steels such as 21-2N, or nickel-based superalloys. In addition, the goal to
achieve general reduction in engine weight and higher operating temperatures, which in turn leads to
a more efficient fuel burn and less environmental damage, has pushed the boundaries of the
superalloys to their limits (Dimiduk et al., 1992). Titanium aluminides also offer the advantage of
high-temperature operating capability in conjunction with high specific strength. As intermetallic
compounds, they are characterised by the strong attraction between the unlike atoms of the
component metals, leading to a preference in the selection of nearest neighbour atoms, which leads
to an ordered structure, a high resistance to deformation and a high melting point. The result of
combined resistance to deformation and high melting point is high-temperature strength, which
makes them good candidates for high-temperature structural applications.

1.2 Limitations and challenges in the applications of titanium aluminide alloys

Performance and efficiency of gas turbine engines have been a long-standing consideration. Since
the development of the gas turbine blade, from the simple wrought nickel-based alloys in the 1940s,
progress has been continuous in the innovation and design of these alloys, resulting in the highly
refined, single crystal superalloys currently in service (Reed, 2006). However, for a more efficient fuel
burn and a reduced impact on the ecosystem, the weight reduction in engine and higher operating
temperatures have pushed the superalloys to their limits, raising the need of lighter weight materials,
especially for less critical components of the engine (Reed, 2006). In the late 1970s, intermetallic

alloys began to be seriously considered as high temperature engineering alloys once their properties
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became better understood and potential applications explored (Loria, 2001). In the process of
development, unalloyed titanium aluminides have found applications in the automotive industry with
successful use in engine valves (Tetsui, 1999) and successful demonstrations in high-pressure
compressor casings, low-pressure turbine blades, high-pressure compressor blades, blade retainers,
turbine dampers and others (Wang et al., 1999). However, the superiority of titanium aluminides over
conventional nickel-based alloys is in the very narrow temperature range of 650-800°C, and limiting
the long-time applications to 650-750°C (Tetsui, 1999).

With a ductile-to-brittle transition temperature (DBTT) between 550°C and 650°C (Wang et al.,
1999), the titanium aluminide alloys are in the brittle zone at room temperature. In addition, the
properties of titanium aluminides are very sensitive to the composition, with a lower strength at room
and medium temperatures than for conventional alloys. Strengthening by deformation is impossible,
due to the low ductility. Oxidation of titanium aluminide above 800°C is still an unsolved problem
to date.

From a manufacturing perspective, the presence of titanium and aluminium with a melting
temperature difference of more than 1000°C in titanium aluminides has always made the production
of good quality ingots difficult and costly (Wu, 2006). Alloy manufacturing is more difficult than in
non-compound alloys due to the material’s brittleness, for the processes involving deformation and

melting.

Overall, the high-temperature properties of TiAl are not as good as for ceramics or Ni-based
superalloys, while toughness, cost, and manufacturing capability are substantially inferior to those of
heat-resistant steels and Ni-based superalloys. Thus, lightness is the only merit of TiAl compared to
ordinary metallic alloys currently in use. To date, the most suitable applications for TiAl are small
components where weight reduction is accompanied by advantages such as toughness and high
temperature ductility where the use of ceramics is difficult or where TiAl shows advantages over
ceramics (Lasalmonie, 2006; Appel et al., 2011a). In addition, the applicable temperature range is the
same or lower than for Ni-based superalloys, but at temperatures below 500°C, where light-weight
Ti alloys could be used, there is no merit apart from the light weight. Thus, components used at
temperatures of 500°C to 900°C would be most appropriate, e.g. exhaust valves and turbocharger

turbines for automotive engines (Froes et al., 1992). To date, titanium aluminide alloys cannot fully
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replace the Ni-based superalloys because of the poor mechanical performance and significantly
higher production costs. Even so, there have been significant advances made by the NASA Glenn
Research Center, Plansee (Austria) (Locci et al., 2001) and GKSS Research Center (Germany) in
developing manufacturing techniques to produce titanium aluminide sheets (Draper et al., 2015; ARC,
1999). As a result, the cost of titanium aluminide sheets is expected to fall to acceptable levels for
commercial applications (Froes et al., 1992; Kim and Dimiduk, 1991). This fact indicates that, in spite
of the numerous obstacles faced in the use of titanium aluminide alloys in structural and automotive

applications, efforts to improve the properties of these alloys should be continued.

1.3 The need to address the manufacturing challenges and improve the properties of

titanium aluminide alloys

There is a general belief that the manufacturing challenges must be addressed and the properties of
titanium aluminide alloys improved before a widespread use of these alloys can be seen. Over the
last four decades, significant progresses have been made in the manufacturing process and the
physical metallurgy of titanium aluminide alloys (Wu , 2006). Today, there is a better understanding
of the solidification and microstructure formation of stoichiometric and non-stoichiometric TiAl, as
well as the effect of alloying elements and the relationship of microstructure-mechanical and physical
properties (Kim and Dimiduk, 1991). Much data are available from the early fundamental concepts
which identified the potential of TiAl alloys to solve the problems hindering their use in structural,
automotive and aerospace applications, indicating that the level of research on TiAl-based alloys has

matured and is now moving from the fundamental studies to applications.

At the industrial level, and for the TiAl-based alloy end-user, some targeted parts have been
successfully tested for replacement with titanium aluminides and these include automotive engine
valves, turbocharger rotors, turbine blades and engine parts such as compressors for the automotive
industry (Tetsui, 2002; Tetsui and Miura, 2002; Tetsui et al., 2002; Wu, 2006). However, no significant
breakthrough has been accomplished to date in the aerospace applications due to issues linked to

processability, room- and high-temperature performance.

The TiAl-based alloy specific 1000 hour rupture strength and specific modulus are superior to those
of other Ti alloys, Ni-based alloys, alloy steels, and Ni-based superalloys (Dinesh Kumar et al., 2015).

However, whilst the specific strength is higher than the competing materials, the oxidation resistance
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and room temperature ductility are poor (Dimiduk, 1999). Many metals have been used as alloying
elements to improve the ductility and the oxidation resistance of TiAl (Kim and Dimiduk, 1991), but
the existing data show that information available on the ternary systems with noble metals, especially

platinum group metals (PGMs), is very limited.

Compositions have been identified for alloys capable of carrying stresses in excess of 700MPa at
service temperatures above 700°C (Kim and Dimiduk, 1991; Lan, 2011). The way forward lies in
innovative processing techniques that would help achieve better material performance at room and
elevated temperatures. Manufacturing improvements are needed to achieve ingot quality and hot
working procedures to produce homogeneous and defect-free materials with the desired
microstructures. Although significant improvement has been achieved by the addition of alloying
elements such as boron, molybdenum, niobium, tungsten and carbon for better workability, a defect-
free microstructure in the cast ingot is needed. This indicates the need to develop both preparation
and processability techniques which will lead to desired mechanical and corrosion properties of

titanium aluminide alloys. This remains a challenge to address.

Powder metallurgy techniques are efficient in refining the microstructure. Among these techniques,
mechanical alloying and spark plasma sintering (Shu-long et al., 2009) have allowed the production
of near-net shape components with well-refined microstructures compared to ingot casting (Liu and
Liu, 2007; Couret et al., 2008). However, issues of porosity, even with the most efficient methods for
achieving full density in powder metallurgy parts such as hot isostatic compaction, explosive
compaction, and hydrostatic extrusion, have precluded the production of sound components. Spark
plasma sintering, by its ability to induce melting during consolidation, has produced sound
components (Liu and Liu, 2007; Lagos and Agote, 2013). Likewise, most thermal spray techniques,
by their ability of melting the powder particles, have the ability to produce pore-free coatings on
substrates. Unfortunately, this technique could not be used for the project, so the cold spray
technique, which uses high energy induced to powder particles is also able to produce pore-free

coatings on substrates, was used instead.

The alloys based on y-TiAl have better high-temperature properties than Ti-6Al-4V, unfortunately
with low room-temperature ductility (Deevi and Zhang, 2003). While many barriers still need to be

overcome to make routine use of TiAl-based alloys in automotive and structural applications, it
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appears that coating conventional titanium-based alloys such as Ti-6Al-4V or Titanium Grade 2 with
PGM-modified TiAl-based alloys can improve their properties at high temperature. The TiAl-based
alloys can be used as a thermal and oxidation barrier on Ti-6Al-4V substrates and the Ti-6Al-4V or
Titanium Grade 2 provide the low-temperature ductility which is lacking in the titanium aluminides.
This combination of properties should be especially effective, since good coatings can be achieved
by methods such as thermal spray coating or cold spraying, resulting in stresses that can be removed
or reduced by heat treatment.

1.4 Hypothesis

The lack of room temperature ductility and poor high-temperature oxidation resistance, combined
with the processing problems of the TiAl alloys are the major barriers to the use of these intermetallic
alloys, in spite of all the potential benefits deriving from their other properties (Lasalmonie, 2006).
To date, no breakthrough has been made to allow use of these alloys in critical applications in aircraft
and aerospace. While research is still continuing on the titanium aluminides, coating of Ti-based
alloys with TiAl and TiAl-based alloys could address the TiAl processing issue by using powder
metallurgy techniques. The room temperature ductility issue could be resolved by coating with a
TiAl-based alloy a more ductile material such as Ti-6Al-4V or Titanium Grade 2. The low and high
temperatures corrosion and oxidation issues could be solved by modifying the TiAl-based alloy with
PGMs such as Pd, Pt, Ru and Ir.

1.5 Aim and objective of the study

The aim of the study was the preparation and testing of a coating material based on TiAl with the
addition of platinum group metals. The objectives of this study was to investigate the properties of
y-TiAl alloys (Ti-47.5 at.% Al) modified with additions of platinum group metals (PGMs) as coating
materials on Ti-6Al-4V or Titanium Grade 2. The y-TiAl was expected to provide Ti-6Al-4V (or
Titanium Grade 2) with protection at room and elevated temperatures. The effect of PGM additions
on room temperature aqueous corrosion, as well as high-temperature oxidation resistance was
investigated. Powder of the same composition was produced and characterised. The powder was

consolidated and the compacts characterised in terms of microstructure and the mechanical
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properties were tested. The powder was used as feedstock material for cold spray coating and the
properties of the coatings were investigated.
Investigations carried out included:
§ Casting of plain y-TiAl alloy,
Casting of y-TiAl alloy with additions of platinum group metals,
Microstructural characterisation of the as-cast alloys,
Investigation of the corrosion behaviour of the as-cast alloys,
Investigation of the high-temperature oxidation behaviour of the as-cast alloys,
Mechanical alloying for the preparation of y-TiAl,
Consolidation of the mechanically alloyed (MA) powder by spark plasma sintering (SPS),
Characterisation of the SPS compacts,

Cold spraying of Ti-6Al-4V and Titanium Grade 2 substrates using the MA powder, and

w w w W W W W W w

Characterisation of the coating.
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CHAPTER 2
LITERATURE SURVEY

2.1 Introduction to intermetallic compounds
2.1.1 Definition of intermetallic compounds

Intermetallic compounds are defined as a mixture of two metallic elements, in specific proportions,
that form a periodic crystalline structure different from those of the original elements (Westbrook
and Fletcher, 1994). They are chemical compounds with a definite atomic formula, a nearly fixed
or narrow range of chemical composition (Campbell, 2008), and high bonding strength (Desch,
1914). The atoms in conventional alloys of solid solutions are linked with relatively weak metallic
bonds, described simplistically as the atomic nuclei floating in a “gas” or “sea” of electrons which
are able to move relatively freely. In contrast, the bonds in intermetallic compounds may be partly
ionic or covalent, and therefore stronger. Alternatively, the bonding may be entirely metallic, but
the atoms of the individual elements take up preferred positions within the crystal lattice. This
condition, which leads to an abrupt change in the mechanical properties of the material, is referred
to as ordering. Ordering imparts to intermetallic compounds their typical properties such as high
melting points, high-temperature strength, and poor ductility. In these respects, they resemble the
ceramics. However, unlike ceramics, they have a metallic lustre, conduct heat and electricity well,
and can generally be processed by conventional metal technology. Due to their properties,

intermetallic compounds occupy an intermediate position between metals and ceramics.

A compound with a fixed chemical composition is called stoichiometric intermetallic compound or
line compound and is represented on a binary phase diagram by a vertical line, since the composition
has a specific value. When the chemical composition varies on a finite range, the compound is a
nonstoichiometric compound or intermetallic phase and is denoted on the phase diagram by Greek
letters (y, «, B, 8, ¢, m, 0 etc., although « and B are generally used for terminal solid solutions).
Whether the intermetallic compound is stoichiometric or nonstoichiometric, it is formed by the
combination of two (or more) components forming a compound having a structure and properties

different from either component.
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2.1.2  Ordering and superlattice

A large number of solid solutions become ordered at low temperatures. The process of ordering
involves a change from statistically nearly random distribution of atoms among the atom sites into
a more regular arrangement, whereby designated sites are occupied predominantly by one kind of
atom (Dimitrov, 1994). For example, in disordered alloy of composition AB, any given atom site is
occupied randomly by either A or B atoms, but on ordering, A and B atoms are preferentially found
on more or less completely designated atomic sites, so that the resulting arrangement can be
described as a lattice of A atoms interpenetrating a lattice of B atoms. The preference of atoms for
particular atom sites may take place with little or no deformation of the lattice, creating an ordered

solid solution, or superlattice, or superstructure, from a random solid solution.

2.1.3 Long-range and short-range ordering

The formation of a superlattice is frequently described as long-range order (Barret and Massalski,
1980; Dimitrov, 1994). It takes place at relatively low temperatures and usually at compositions
expressed by simple formulae such as AB or AB; or at compositions near these. At all temperatures
above a certain critical temperature, the usual randomness persists; when the temperature is lowered
through the critical point, order occurs and increases with time and as temperature drops,

approaching perfection only at low temperatures or long times.

Over certain ranges of composition and temperatures above the critical temperature, the structures
may at times be neither perfectly random nor perfectly ordered (Barret and Massalski, 1980). Even
in the disordered state, certain correlations may be present between nearest, second-nearest, and

more distant neighbours. This is described as short-range order.

2.1.4 Common types of superlattice

The majority of typical superlattices are related to the three principal metallic structures (Barret and
Massalski, 1980):
1. fcc (Al)
2. bcc (A2)
3. cph (A3)
L1,- or CusAul-type superlattice
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In the disordered state which exists at high temperature, a 75:25 at.% Cu:Au alloy has a nearly
random array of Au and Cu atoms on the fcc (Al) lattice (De Graef and McHenry, 2007; Barret
and Massalski, 1980). If the alloy is annealed below a critical temperature (390°C), the atoms
preferably move so that Au atoms are on the cube corners and Cu atoms are on the face centres,
and form CusAul, where | is the Roman numeral indicating the lattice type (Barret and Massalski,
1980).

B.- or beta-brass type superlattice

The disordered crystal structure bcc (A2) has equal probabilities of having copper and zinc atoms
at each lattice point. The ordered structure has copper atoms on the cube corners and a zinc atom
at the centre of the cube, and vice-versa in this structure. The unit cell can be represented in terms

of two interpenetrating simple cubic sublattices.

L1o- or CuAul-type superlattic
The L1, or CuAul is an fcc ordered superlattice (Barret and Massalski, 1980; De Graef and
McHenry, 2007), where 1 is the Roman numeral indicating the lattice type. In the Cu-Au system,
from 47 to 63 at.% Au, a superlattice forms, in which alternate (001) planes contain only copper or
only gold atoms. Hence, each atom has 8 nearest neighbours of the opposite kind in the adjacent

(001) planes and 4 of the same kind in its own (001) plane.

L1;- or CuPt-type superlattice
In the Cu-Pt system, near 50 at.%, the fcc disordered lattice takes up the ordered structure (Barret
and Massalski, 1980). The ordered structure consists of alternating layers of Cu and Pt atoms on
(111) planes. This form of ordering produces a lattice distortion from cubic to rhombohedral for

which the Strukturbericht designation is L1,. CuPt is the only known example of this structure.

DOs and L2, type superlattice
The DO; structure is found for FesAl (and B2 is found for FeAl) with Al varying from 18 to 25
at.% and 25 to 50 at.% and Al atoms segregating to designated sites (Barret and Massalski, 1980).
The ternary L2:-type superlattice, which is closely related to DOs, is based on the composition

A;BC. The most representative structure is Cu,MnAl. These structures possess the remarkable
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property of being ferromagnetic when in the ordered condition, despite the fact that the constituent

atoms are in most cases nonferromagnetic.

DOy, or MgsCd-type superlattice
DOu-type superlattice is described in terms of four interpenetrating simple sublattices, and the
arrangement of atoms in the close-packed planes of both structures is identical (Haasen, 1978;
Barret and Massalski, 1980). Each sublattice is cph with a spacing corresponding to twice the
spacing of the disordered structure and the ¢ spacing remains unchanged. B atoms occupy one of
the 4 sublattices, resulting in the general formula A;B, for example in the case of MgsCd or MgCds,

which are the best-known examples of DOy superlattices.

Many alloys possess the cph structure at high temperature and undergo ordering on cooling.
Depending on the composition ranges at which the phases are stable (i.e. near AsB, A.B, AB, etc.),
the number of unlike nearest neighbours and their distribution on ordering will differ, with the

resulting changes in the details of ordered structure.

2.1.5 Toughness and ductility in intermetallic compounds

Limited ductility and toughness at low temperatures are serious disadvantages of intermetallic
compounds. Plastic deformation is more difficult in intermetallic compounds than in conventional
alloys because of the stronger atomic bounding and the consequent ordered atomic distribution.
The brittleness of intermetallic compounds increases with decreasing lattice symmetry and

increasing unit cell size (Tetsui and Miura, 2002).

This brittleness depends on the crystal symmetry and the specific characteristics of the particular
phase. Dislocations with high mobility and low energy imply the existence of slip twinning systems
(Morris, 2001). The criterion of Von Mises (Von Mises, 1913), also known as the maximum
distortion energy criterion, is often used to estimate the yield of ductile materials, which can be
important considering that some deformation is needed. However, since there was not enough

deformation, this criterion did not have to be used.

1

<oy’

(51—53)2 +I:53—53)2—|-IC53—51)2 P
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where o; with i=1, 2, 3 are the principal stresses in the three Cartesian axes.
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Crystal anisotropy affects the toughness of the material, as do weak grain boundaries or other

microstructure heterogeneities (Fensin et al., 2014).
2.2 y-TiAl-based alloys

Gamma-TiAl-based alloys exhibit high ignition temperature (the lowest temperature at which a
material will spontaneously ignite in a normal atmosphere without an external source of ignition,
such as a flame or spark) when compared to conventional titanium alloys (Tetsui and Miura, 2002).
TiAl-based alloys show superior specific strength-temperature properties when compared to
conventional titanium alloys, steels and nickel-based superalloys in the temperature range from 500
to 900°C. With all these advantages over conventional high-performance alloys, TiAl alloys are
promising alloys for high-temperature structural applications, the lack of room temperature ductility

being the main obstacle to their use as engineering materials (Duarte et al., 1999).

The y-TiAl (L1, tP4) phase is an ordered, equiatomic compound of the lightweight elements Ti and
Al. The high aluminium content of this compound increases the resistance to oxidation and
burning, two critical concerns in the use of titanium-based materials. Gamma-TiAl remains ordered
to melting at ~1440°C. The strong Ti-Al bonds cause a high activation energy for diffusion, which
helps retain strength and creep resistance at high temperatures when diffusion becomes the rate-
controlling process. However, the rigid bond restricts the ability to accommodate plastic
deformation, and so y-TiAl lacks the ductility and toughness which are necessary for structural
applications. Figure 2.1 is a representation of two of the crystal structures occurring in TiAl-based
alloys (Ramanujan, 2000): y-TiAl and o-TizAl.

2.2.1  Microstructure formation in plain and alloyed y-TiAl

TiAl-based alloys are fundamentally two-phase, consisting of y, which is ordered TiAl face-centred-
tetragonal with a L1, crystal structure, and a «, phase, which is ordered TisAl close-packed-
hexagonal with a DOy crystal structure (Jovanovic et al., 2004). Gamma-TiAl-based alloys display
very different microstructures depending on the composition near the 50:50 Ti:Al atomic ratio.

While TiAl (y) is found in the aluminium-rich region alloys, titanium-rich alloys exhibit a two-phase
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microstructure, consisting of layers of tetragonal, L1, TiAl (y) and hexagonal DOis TisAl (o)
(Kimura and Pope, 1997).

L1, (tP4) D04 (hP8)

a) vy-TiAl b) TisAl
Figure 2.1. Crystal structure and unit cell of (a) y-TiAl and (b) a-TisAl (Ramanujan, 2000).

Solidification and solid-state equilibria of y-TiAl-based alloys are complex and sensitive to
aluminium content and heat treatment. Three types of microstructure are usually observed in TiAl:
the vy, duplex and lamellar structures (Huang and Chesnutt, 1994). Microstructural evolution
involves the high-temperature liquid phase relationship and solid state transformation. Engineering
TiAl-based alloys generally solidify as the 8 phase and go through « single-phase region and o« —
« + yand o + y — oz + y reactions, producing a («. + y) two-phase structure with decreasing
temperature [(Yamaguchi et al., 1999). Thus, different two-phase structures can be obtained by

manipulating these phase transformation reactions.

Figure 2.2 is a portion of Ti-Al phase diagram (Huang and Chesnutt, 1994) where y forms. There
are various versions of the Ti-Al phase diagram. The transformations depicted here follow Murray’s
phase diagram (Murray, 1988), redrawn by Huang and Chesnut (1994). This diagram was the most
used, but recently there have been significant modifications on the diagram near the y phase field
(McCullough, 1989; Ding et al. 1996). Later critical re-assessments of the Ti-Al phase diagram have
helped clarify two major differences in the two phase diagrams (Grytsiv et al., 2003; Schuster and
M. Palm, 2006; Witusiewicz et al., 2008), as shown in Figure 2.3.
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The first difference lies in the phase relationships among («Ti), (8Ti) and oz, in the temperature
range 1150°C-1400°C and in the compositional range of 20 at.%-47 at.% Al. In one phase diagram,
the relationship is of congruent-type reaction, Figure 2.3a (Grytsiv et al., 2003). A very narrow single-
phase region exists for «, and both phases are in equilibrium with each other ««>a. at the congruent
temperature (~1179°C) and composition between 30 at.% and 35 at.% Al. In addition, Kainuma et
al. (1994) reported that a part of the high temperature 3 phase in equilibrium with « phase undergoes
ordering to the B, phase. The other phase diagram is “peritectoid type” (Figure 2.3b), with the three
phases (y, («Ti) and TisAl) in equilibrium with each other at 1120°C, with two peritectoid invariant
temperatures 1170°C and 1200°C (Schuster and Palm, 2006).
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Figure 2.2. Partial Ti-Al phase diagram near the stoichiometric TiAl composition shown in Figure 2.3b (Huang
and Chesnutt, 1994).

The second difference lies also in the high-temperature phases in the compositional range 55-75

at.% Al. First, there are differences of temperatures at which solid phases form from the
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homogeneous liquid. The congruent-type phase diagram (Figure 2.3a) has a peritectic reaction at
1445°C (L + («Ti) —TiAl), a eutectoid reaction at 1170°C (TiixAli.x — TIAI + TiAl) and a
peritectoid reaction at 810°C (TiAl + TiAl, — TisAls), resulting in the formation of TizAls. Between
65 at.% and 75 at.%, there is a eutectoid reaction taking place at 995°C (TisAl., — TiAl, + TiAls).
The TiAl; phase is formed as a result of a peritectoid (TisAl.. + L — TiAl;) reaction taking place at
1387°C. On the other hand, the “peritectic” phase diagram (Figure 2.3b) has a peritectic reaction
(L + «Ti — TiAl) taking place at 1456°C, and a congruent reaction (TiAl — TiAl,) at 1215°C
resulting in the formation of TiAl..

In y-TiAl based alloys which contain hypereutectoid «, the transformed structures are lamellar with
typical fine spacings of only 0.1-1 um (Huang and Chesnutt, 1994). For alloys between 46 and 50
at.% Al, heat treatment in the « + y phase field results in a two-phase structure upon cooling, with
y grains and grains of lamellar structure. The lamellar grains contain alternating o2 and y plates,
which forms as a result of the eutectoid reaction of the primary « during cooling to room
temperature. The grains are typically 10-35 um across, and the lamellar plates are 0.1-1 um thick.
This microstructure is referred to as duplex. Finally, if alloys below 48 at.% Al are heat treated in
the single-phase « field, a fully lamellar structure is formed. The grains are typically greater than 500
um across, which reflects the rapid coarsening rate of disordered «. In a review on TiAl-based alloys,
the microstructural evolution of a Ti-46 at.% Al was highlighted (Lapin, 2009). If Ti-46 at.% Al was
cooled reasonably quickly from the o-phase field, a fully lamellar structure was formed as y was
precipitated on the (0001) planes of the «. If the cooling was slightly slower, a near fully lamellar
structure was formed, where y lamellae coarsened, giving rise to lamellae with contiguous y grains
in the colony (grain) boundaries. If the sample was hot worked in the two-phase region, this
inherited structure from the casting was eliminated and a duplex structure consisting of y and
lamellar grains was formed on subsequent cooling. The grain size in alloys with a duplex
microstructure was typically about 20 um, which is considerably smaller than the typical grain or
colony size in as-cast lamellar structures with grains of several hundred micrometers across are
common, unless grain refiners are added. In this work, the “peritectic” phase diagram was used,

because it is considered to be more accurate, represent the experimental data better.
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Figure 2.3. Ti-Al diagram of (a) congruent-type (Grytsiv et al., 2003; Raghavan, 2005), and (b) peritectic type
(Schuster and Palm, 2006).

Most TiAl alloys of technical interest contain 45-50 at.% Al and they normally solidify as the bcc «
primary phase, or («Ti). At 45 at.% Al (blue arrow), a single-phase structure « can be obtained by
heat treatment above 1300°C. A eutectoid reaction which transforms o of 38 at.% to o + y occurs
at 1120 °C (Schuster and Palm, 2006).
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Alloys above 52 at.% Al generally lie in the single-phase y-TiAl field during heat treatment, and are
single-phase y-TiAl after cooling at room temperature. The grains are equiaxed and about 50 pm
across (Huang and Chesnutt, 1994). Single-phase y-TiAl with very smooth grain boundaries was
also observed in high purity TiAl containing 50 at.% Al (Murata et al., 1993). Figure 2.4 shows the
three common microstructures occurring in TiAl-based alloys. It shows the microstructural
evolution upon cooling in the composition range of interest and in accordance with the Ti-Al phase

diagram in Figure 2.2 (Huang and Chesnutt, 1994).
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Figure 2.4. Three typical microstructures of TiAl: (a) fully lamellar, (b) duplex, and (c) near fully lamellar (Wu,
2006).

2.2.2  Mechanical properties of y-TiAl alloys

The mechanical properties of TiAl alloys are microstructure-dependent. The y-TiAl single-phase is
fundamentally brittle at room temperature with a ductility of 1%, regardless of the processing route
(Wu, 2006). The brittleness is the result of the limited dislocation mobility, and is inherently related
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to its crystal structure, which is a faced-centred tetragonal (fct) L1, with alternating (002) planes of
Ti and Al atoms (Huang and Chesnutt, 1994). The tetragonality is very small (¢/a = 1.02), but the
L1, ordered structure creates a non-equivalency among the <110> slip vectors. The dislocation
mobility has also a significant implication for the strength and fracture behaviour of y-TiAl (Huang
and Chesnutt, 1994; Kim et al., 1999).

Duplex and lamellar microstructures exhibit very different mechanical properties. The duplex
structure is significantly ductile at room temperature (Huang and Chesnutt, 1994). The lamellar
microstructures are poor in ductility; although they are generally superior to the duplex structures
in other mechanical properties, such as fracture toughness, fatigue resistance and high-temperature
creep strength (Yamaguchi et al., 1999; Tetsui and Miura, 2002). The ductile duplex structure exists
in a narrow range of Al concentration; only the duplex alloys containing 45-50 at.% Al show
appreciable plasticity. The ductility peak occurs at 48 at.% Al, particularly when the alloy is heat
treated near the centre of the «+y phase field, i.e. where the two phases have equal volume fractions.
Alloys outside this composition range tend to have either the single-phase y or the lamellar structure,
and they are relatively brittle. Since the low-temperature ductility is major concern for structural
applications, the 45-50 at.% Al range is usually the basis for further alloying.

Mechanical properties of the lamellar microstructures in TiAl-based alloys depend on the lamellar
orientation with respect to the loading axis and lamellar microstructural variables, such as grain size,
thickness and spacing of y and o, lamellae and y domain size (Yamaguchi et al., 1999). A fully lamellar
structure produced for turbocharger wheels had yield strengths around 400 MPa and ultimate
tensile strengths around 475 MPa (Jovanovic et al., 2004). The refinement of the lamellar thickness
to nanoscale values resulted in exceptionally high strength of 800 MPa, together with 3-5%
elongation and 30 MPa.mY2 fracture toughness at room temperature. These results suggested that
the key to high strength in fully lamellar TiAl-based alloys lies in refining the lamellar size, rather
than the grain size (Yamaguchi et al., 1999).

2.2.3 Physical properties of plain and alloyed y-TiAl

Alloyed y-TiAl shows thermal conductivity comparable to that of currently-used superalloys in the
temperature range 200-900°C and slightly higher than Ti-50 at.% Al (Zhang et al., 2001). The
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thermal conductivity of Ti-6Al-4V is lower than that of alloyed y-TiAl for a wide range of

temperatures.

The coefficient of thermal expansion of alloyed y-TiAl (TiAl-4 at.% (Nb,W,B)) is lower than that
of plain Ti-50 at.%Al, and close to that of Ti-6Al-4V (Appel et al., 2011a). It is also lower than that
of currently-used superalloys and heat-resistant steel 21-4N. The Young's modulus of the alloyed
y-TiAl is lower than that of nickel and steel superalloys and substantially higher than Ti-6Al-4V.
The specific heat of alloyed -TiAl is higher than that of superalloys and Ti-6Al-4V. The electrical
resistivity of alloyed y-TiAl is lower than Ti-6Al-4V and superalloys in the temperature range 0-
950°C.

2.24 Oxidation resistance

Gamma-TiAl has a low resistance to oxidation at temperatures above 800°C (Rahmel et al., 1995).
The mechanisms of oxidation of plain and alloyed TiAl were widely investigated (Meier, 1989;
Rahmel et al., 1995). Different mechanisms have been proposed for the growth of oxide scale on
TiAl and two phenomena are mostly accepted. The first is the formation of a TiO- layer on the
external surface of y-TiAl. Secondly, the oxide scale is protective only if a continuous layer of Al,O;
is formed during oxidation. This layer of Al,Os has been observed under the TiO; layer (Yang and
Wau, 2003) and TiAl; forms under the oxide scale as a result of Ti depletion (Chuprina and Shalya,
2007). This protective layer of alumina readily forms on y-TiAl alloys containing more than the
stoichiometric amount of Al (Reddy et al., 2001). The low resistance to oxidation at elevated
temperatures is due to the high kinetics of TiO, formation compared to the growth rate of Al,Os.
During oxidation of TiAl, aluminium forms a very slow growing oxide «-Al,Os, while titanium
forms several oxides (TiO, TiO,, Ti,Os, etc.), which have relatively high growth rates. Figure 2.5 is
a schematic representation of the scale structure on the Ti-50Al after oxidation in air at 900°C,
before oxide scale breakaway (Schmitz-Niederau and Schutze, 1999), where a new cubic phase
(NCP) was also identified.

To date, many attempts have been made to improve the high temperature oxidation resistance of
stoichiometric TiAl, which include the sputtering of an Al film and subsequent interdiffusion
treatment at 600°C for 24 h in a high vacuum (Chu and Wu, 2003; Hui-Ren ¢t al., 2008; Xin et al.,
2003; Braun et al., 2010), sputtering of a Ag-containing TiAl coating and insertion of silicon in the
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coating material of TiAl (Goral et al., 2006). The beneficial influence of the coatings on the heat
resistance of the alloy is due to the aluminium-rich silicon-modified TiAl; phase (Moskal, 2007).
The TiAl; phase is the most oxidation-resistant phase of the Ti-Al system. A number of refractory
metals have been found to significantly improve the oxidation resistance of y-TiAl-based materials,
which include Nb, W, and Cr (Huang and Chesnutt, 1994). Silver was also added to TiAl with a
significant improvement of the oxidation resistance by promoting the formation of a continuous

external alumina base scale (Niewolak, 2004).
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Figure 2.5. Schematic representation of the oxide scale structure on Ti-50Al after oxidation in air at 900°C
before oxide scale breakaway (Schmitz-Niederau and Schutze, 1999).

2.2.5 Effect of alloying elements on the properties of y-TiAl

The microstructure can be modified by ternary or multi-element additions with an impact on the
mechanical and physical properties. In most cases, the additions will lead to an improvement of
some properties and simultaneous deterioration of others (Appel et al., 2011c). A compromise needs

to be found between the benefits obtained and advantages lost.

Vanadium, manganese and chromium have been found effective in increasing ductility at 1-3 at.%
additions to alloys with 45-50 at.% Al and a duplex structure (Lapin, 2009). Boron and magnesium

enhance hot workability. Tungsten and carbon increase creep resistance (Huang and Chesnutt,
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1994; Tetsui and Miura, 2002). Niobium, tantalum, vanadium and phosphorus have also been
reported to significantly decrease the oxidation rate (Schumacher et al., 2000). Silicon was also
reported to decrease the oxidation rate by forming a SiO; layer which is more protective than TiO,
(Huang and Chesnutt, 1994; Goral et al., 2006; Moskal, 2007).

2.2.6  Processing of y-TiAl alloys

The difficulty in processing of y-TiAl is one of the reasons preventing the manufacture of
engineering components from y-TiAl-based alloys (Lapin, 2009). The processing problems are
worsened by the complicated heterogeneous microstructures found in the castings, which are
difficult to modify by heat treatment (Huang and Chesnutt, 1994). Cast y-TiAl-based materials, even
those having the duplex structure and containing the ductilising elements Cr, Mn and V, are
generally weaker and less ductile than wrought materials, because the coarse as-cast structure is

usually retained after heat treatment, without recrystallisation.

Due to their brittleness, y-TiAl-based alloys are difficult to deform. Manufacturing techniques
include extrusion, forging, machining, tapping, drilling and joining (Lasalmonie, 2006). Most of
these processes have proved to be feasible, but with many limitations in the design and always at
high cost. Casting offers the most cost-effective route for the production of complex shapes, since
investment casting is a well-established process. However, in spite of all the enormous efforts made
over the last two decades, no cast components have been produced which meet aerospace
requirements on reliability and cost. Thus, at this stage, casting technology is inadequate to produce
aero-engine components from y-TiAl-based alloys (Lapin, 2009). Melting-and-casting is the method
most often used for combining metallic constituents into alloys or intermetallic compounds and
has been used to produce y-TiAl and y-TiAl-based alloys. However, unlike other systems where
conventional eutectic or monotectic solidification results in normal segregation, cascading peritectic
reactions can occur in the production of y-TiAl, resulting in heavy segregation and serious
difficulties in obtaining chemical homogeneity in conventional ingots (Appel et al., 2011d). One
method to address the segregation issues is to increase the solidification rate by applying rapid
solidification techniques, such as atomisation, melt spinning, splat/ribbon cooling and self-

substrate quenching (Huang and Chesnutt, 1994).
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Difficulties in accommodating the intrinsic properties of y-TiAl to manufacturing limitations, and
vice-versa, have led to the consideration of powder metallurgy as a potentially efficient approach to
component production at lower cost, without chemical heterogeneity and imperfections in the final
product. Powder metallurgy is a well-established process to successfully produce and consolidate
alloyed powders in a wide variety of systems. As a powder metallurgy process involving rapid
solidification, atomisation leads to chemical homogeneity of the product. Gamma-TiAl-based alloy
powder has been successfully produced and HIP consolidated (Martin and Hardwick, 1994;
Gerling, 2001), and y-TiAl-based alloys can be produced by reacting elemental aluminium and
titanium powders (Jacob et al., 1993). Other processes involving rapid solidification use free-

forming processes such as spray forming (Schimansky et al., 1999).

Powder metallurgy products, even those manufactured under the best conditions, usually exhibit
inferior quality compared to bulk materials, because of the density. Sintering often leads to less than
theoretical density, with a negative impact on the mechanical properties (German, 2005). A 90%
dense y-TiAl alloy, showed no room temperature bend ductility, even though it had compressive
ductility (Martin and Hardwick, 1994).

Milling was used on pre-alloyed TiAl powder to refine the microstructure, resulting in an ultrafine
microstructure with nanoscale crystallite size, partial amorphisation and transformation of TisAl
into y-TiAl (Jacob et al., 1993). Mechanical alloying has been used to produce stoichiometric y-TiAl
and y-TiAl-based alloys from elemental powders (Sun and Hashimoto, 2003), resulting in the
formation of a metastable (Gauvin et al., 1993) or an amorphous TiAl phase (Chen and Wang,
1993). The consolidated powders showed microstructures similar to bulk alloys and a brittle fracture
mode (Sun and Hashimoto, 2003). However, even the most efficient consolidation techniques, such
as explosive sintering and hydrostatic extrusion, have failed to yield full density, with negative
impacts on the mechanical properties (Li et al., 1993). Increasingly, research has focused on the
properties of y-TiAl powder such as creep resistance, high-temperature ductility and oxidation
resistance. In this regard, TiAl-based coatings were produced by TIG surface melting (Mridha et al.,
2001).

2.2.7 Gamma TiAl and PGMs

TiAl alloys are known to be susceptible to cracking in low pH environments (Liu and Kim, 1992;
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Brass and Chéne, 1998; Tonneau et al., 1998). The response of these materials in environments
containing hydrogen is of interest, partly because of the possibility of future hydrogen-fuelled
aircraft, and a number of studies have been conducted on the effects of hydrogen (Eliezer et al.,
1991; Froes et al., 1992; Govender et al., 2012). In order to minimise the sensitivity of TiAl alloys to
hydrogen-bearing environments, stabilising elements such as Mo, Nb, V, Zr, Mn and Cr have been
explored (Kim, 1994a). However, little is known about the influence of alloying additions such as
Fe, Co, Ni at elevated temperatures, and virtually no systematic information is available on TiAl
alloys with additions of platinum group metals. This is particularly true for the solid solubility limits
as a function of temperature, with respect to possible age hardening for improved long-term creep

resistance (Ding et al., 2000).

Platinum group metals (PGMs) were used since the late 1980s as alloying additions in TiAl-based
alloys for the improvement of environmental and mechanical properties (Khataee et al., 1989a,
1989b, 1989c). These have been used in titanium metallurgy for the improvement of corrosion
resistance and as oxidation resistant coatings (Khataee, 1989a). PGMs have also been used as
alloying additions in steels and nickel aluminides in order to enhance environmental and mechanical
properties (Wolff et al., 1998; Wu, 2007; Sherif, 2009). Among PGMs, Pd has long been used in
titanium alloys at about 0.2 at.%, resulting in outstanding corrosion resistance in low pH
environments (Cotton, 1967). Ruthenium is also attractive because of its relatively low cost
compared to Pd (Schutz, 1996), and provides titanium alloys with improved strength and hardness.
Research on crystallographic parameters and site occupancy of TiAl alloyed with Ru also suggested
ductility improvement (Kimura and Pope, 1997). Ruthenium partitioned to the y phase in TiAl-Ru
alloys (Kim et al., 1999).

Khataee et al. (1989b) studied the Ti-Al-Ru system, and concluded that the solubility of ruthenium
in y is higher than in the «, phase. In a Ti-17-37AI-1-5Ru (at.%) alloy, Ru was a  stabiliser and a
complete retention of metastable $ occurred at 5 at.% Ru addition (Khataee et al., 1989¢c). The
solubility of ruthenium in TisAl («2) was very low (~0.5 at.%), slightly higher in TiAl (<1 at.%), but
considerably high in TiAl; (~7 at.%), albeit at higher temperatures. This indicated that the
ruthenium solubility in the titanium aluminides increased with the aluminium content. Grytsiv et al.

(2003) reported that the solubility limit of Ru in titanium aluminides was lower than 1 at.%, and

22|Page



attributed the 7 at.% to a ternary compound. In a study on partitioning of solutes in multiphase Ti-
Al alloys, Benedek et al. (2005) showed that late transition metals such Mn, Fe, and Ru showed a
preference for partitioning to the y phase. Phase equilibria in the Ti-Al-Ru system were also largely
influenced by a ternary intermetallic compound, the G phase, present between 1250-770°C. The
compositional range for the G phase was 36-52 at.% Al and about 19-28 at.% Ru (Kathaee ¢t al.,
1989b and 1989c). An isothermal section at 770°C of the Ti-Al-Ru system is shown in Figure 2.6
(Khataee et al., 1989b and 1989c)

LIE N
[Ti,ailRu

:lﬁ.{_nuu '_-_—— ITI
TiRu
Al T AU ——
Phase Boundaries Determined In This Investigation
—+—-:— Tie Lines
———————— Speculative Phase Boundaries

Figure 2.6. Isothermal section at 770°C of the Ti-Al-Ru system (at.%) (Khataee et al., 1989b and 1989c).

Alloying additions to improve corrosion performance in titanium alloys are also important (Ding et
al., 2000). Platinum significantly improved the corrosion resistance of pure titanium in fluoride-
containing environments (Nakagawa et al., 2005), and is also used as a coating in the pure state
(Kim et al., 2007). The phase equilibria of the Ti-Al-Pd and Ti-Al-Pt systems were investigated in
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the regions adjoining the duplex alloy «-TisAl+y-TiAl at 950° and 930°C, as shown in Figures 2.7
and 2.8 (Ding et al., 2000). These figures show that phases similar to the G phase in the Ti-Al-Ru
system were observed in the Ti-Al-Pt and Ti-Al-Pd systems: t, around (Ti, Al)s(Ti,Pd,Al)z+1in the
Al-Pd-Ti system and t, around the composition TiPtAl in the Al-Pt-Ti system, both of the MnzsThe-
type, cubic structure. Information about the Ti-Al-1r system is scarce. Figure 2.9 shows an Ir-rich
Al-Ir-Ti partial isothermal section at 1650°C (Raghavan, 2008).
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Figure 2.7. Partial Al-Pd-Ti isothermal section at 930°C in the Pd-lean region (Zaikana et al, 2000).
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Figure 2.8. Partial Al-Pt-Ti isothermal section at 950°C for Pt-poor side (Ding et al., 2000).
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Figure 2.9. Ir-rich Al-Ir-Ti partial isothermal section at 1650°C (Raghavan, 2008).
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2.2.8 Gamma-TiAl as coating materials

Plain y-TiAl is characterised by the lack of oxidation resistance above 750°C (Okafor and Reddy,
1999; Ebach-stahl et al., 2008 and 2009). Conventional coatings for superalloys, such as aluminide
coatings (coatings with aluminium, e.g. PtAl) and “MCrAIlY” coatings (where M = Co, Ni or Co/Ni
(base metals) and Al = aluminium with Y = yttrium, which enhances the bonding of the stable
oxide layer formed by aluminium and chromium), are not suitable for the protection of TiAl alloys,
due to the poor coating-substrate compatibility resulting from the formation of brittle intermetallic
compounds at the interface substrate-coating, and consequently new coating systems have to be
developed (Tang et al., 2002).

Coatings such as Ti-50AI-10Cr (at.%) were very effective in improving the oxidation resistance of
y-TIAl due to the formation of a protective Al,O; scale and excellent coating-substrate
compatibility. The combined effect of Cr and Ag on y-TiAl oxidation was investigated, with
preliminary results indicating excellent oxidation resistance of the Ti-48Al-7Cr-2Ag (at.%) alloy at
800°C and 900°C, with good mechanical properties (Tang et al., 2002).

Overlay coatings, which can help combine the optimised mechanical properties of coatings and
substrates, have been proved to be one of the most efficient ways to further improve the oxidation
resistance of y-TiAl-based components (Brady et al., 1996; Tang et al., 1997; Narita et al., 2000).
Gamma-TiAl-(10-15) at% Cr and y-TiAl-Ag are both alumina formers, and therefore are
considered coating candidates (Leyens and Braun, 2004). The major disadvantage for y-TiAl-Cr
alloys is that a high Cr content can lead to coating embrittlement (Brandt, 1996; Narita et al., 2000;
Leyens and Braun, 2004). By contrast, Ag in y-TiAl did not seem to deteriorate its mechanical
properties so much, and may even slightly improve the surface hardness at elevated temperatures,
due to the Ti(Al,Ag) precipitates (Tian and Nemoto, 1999). The oxidation behaviour of y-TiAl-Ag
alloys and their coatings at 775°C in air were studied by Niewalak et al. (2004). Their results showed
that y-TiAl alloys containing more than 1.0 at.% Ag were alumina formers, and could sustain long
term oxidation attack. Liu and Narita (2003) also showed that coatings containing more than 1.0
at.% Ag were resistant to oxidation attack in wet air. Both Ag content in the coatings and H,O
content in the atmosphere had significant influence on the oxidation behaviour of y-TiAl-Ag

coatings. Higher H,O contents resulted in the formation of duplex oxide scale with a thin layer of

26|Page



TiO,+AlLO; on top of the continuous Al,Os. The coatings showed good compatibility with the
substrate after the oxidation tests.

The development of coatings based on y-TiAl alloys shows much promise for coating materials
(Brady et al., 1996; Oliker and Kresanov, 2000 and 2003). Studies were conducted on plating of
titanium with wear-resistant coatings (Krienke, 1969; Turns et al., 1975) corrosion- and oxidation-
resistant coatings (Gurrapa, 2001a and 2001b). The similarity between the chemical compositions
of the substrate and coatings creates good conditions for strong adhesion between them, which is
one of the most important conditions for the use of the engineering component. Using the
detonation-gas spraying method with mechanically alloyed Ti-50 at.% Al powder, Oliker et al. (2005)
produced a coating based on Al TiOs by the oxidising action of the working gas on the powder,
and they manufactured a coating based on titanium aluminides with TiN inclusions by nitriding

action.

There is little information on y-TiAl-coating applied by high velocity oxygen fuel (HVOF), although
y-TIAIl has been investigated as potential coating for titanium-based alloys since the late 1990s
(Leyens et al., 1997). The TiAl coating was applied by plasma spray and isostatically pressed (Khor
et al., 1996). More recently, the HVOF technique was also applied to thermally spray a TiAl-Al,O;
composite for the improvement of the Ti-6Al-4V substrate wear resistance (Hung et al., 2008;
Salman et al., 2009). Porosity was one of the drawbacks of thermal spray coating (Schiitze et al.,
2006). Cold spraying, which is a new and developing technique for coating is a solid state process
in which sprayed particles are deposited via supersonic velocity impacts at a temperature much
below the melting point of the spray material. To date, materials for cold spraying, as presented by
some private institutions (Sandvik, 2015; Supersonicspray, 2015), includes steels, MCrAlY alloys,
cobalt alloys, aluminium alloys, nickel alloys, copper alloys and pure metals.

2.3 Corrosion and oxidation of TiAl-based alloys

2.3.1 Corrosion of TiAl-based alloys

Very limited information is available on room or near room temperature agueous corrosion
properties of titanium aluminides. Most investigations conducted to date on the titanium aluminide

alloys were aimed at high temperature performance and therefore, high temperature properties such
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as oxidation and corrosion resistances were investigated (Meier, 1989; Rahmel et al., 1995; Reddy et
al., 2001; Chu and Wu, 2003; Yang and Wu, 2003; Chuprina and Shalya, 2007). Gamma-TiAl,
originally designed for high temperature applications, appears to have excellent potential for bone
repair and replacement, with the biological response expected to be similar to other titanium-based
biomaterials (Rivera-Denizard et al., 2008). Observations from early tests triggered recent research
activities on y-TiAl as human body implants (Long and Rack, 1998), with assessments of the
properties of y-TiAl in aqueous media simulating human body fluids (Escudero et al., 2004; Jafariana
et al., 2009; Bello et al., 2010).

In most aqueous environments, titanium and titanium alloys show good corrosion resistance, due
to the stable oxide films that form spontaneously on the surface. However, in chloride and/or
fluoride solutions, titanium alloys are susceptible to attack, showing pitting and crevice corrosion
(Brossia and Cragnolino, 2001). Alloying elements, including nickel and molybdenum, have been
added to titanium and titanium alloys to improve the corrosion resistance to pitting (Trufanov et
al., 1989; Schutz, 1996). Precious metals were added to titanium to increase the corrosion resistance
in non-oxidising acids (Hoar, 1960; Potgieter, 2010). They were also used to increase the corrosion
resistance of other alloys, such as stainless steel (Potgieter and Brookes, 1995; Olubambi et al., 2009)
and their use for corrosion resistance improvement originated when Monnartz (1911) reported that
the rapid corrosion of iron-chromium alloys in certain acids was suppressed by winding a platinum
wire around the corrosion-test specimen or by adding platinum as an alloying element to steel.
Stainless steel (Streicher, 1977; McGill, 1990) and nickel-based alloys (Kim and Frankel, 2007) were

alloyed with platinum group metals to improve their corrosion resistance.

Several methods for controlling or improving corrosion resistance of metals and alloys are available
in the literature (Korb and Olson, 1987). Corrosion resistance can be controlled and/or improved
by cathodic modification (Stern and Wissenberg, 1959a and 1959b; Potgieter, 1990; van der Lingen
and Sandenbergh, 2001). For some metals and their alloys, such as aluminium, modification of
anodic layers has been also used for corrosion resistance improvement (Krasicka-Cydzik et al., 2007;
Lee et al., 2008; Cerny and Filipek, 2011). Beneficial alloying elements mostly used in cathodic

modification include platinum group metals, nickel and/or molybdenum (Satoh et al., 1987; Schutz,
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1996). When present in stainless steel, molybdenum led to better corrosion resistance by cathodic
modification (McGill, 1990).

PGMs, nickel or molybdenum additions facilitate cathodic depolarization by providing sites of low
hydrogen overvoltage, which shift the alloy potential in the positive direction, where oxide film
passivation is possible (Tomashov, 1990, Potgieter, 1991; van der Lingen and Sandenbergh, 2001).
A comprehensive description of the cathodic modification mechanism was given by Potgieter (1990
and 2010). Relatively small concentrations of certain precious metals, ~0.1 wt%, are sufficient to
significantly improve the corrosion resistance of titanium in reducing acid media (Trufanov et al.,
1989; Schutz, 1996).

Alloys used in critical engine components, such as turbine blades and turbocharger casings, are
exposed to by-products from fuel combustion, which form corrosive solutions when in contact
with moisture-containing environments, leading to pitting and crevice corrosion (DMI Global,
2012; Nordtest, 2012), in addition to the hot corrosion usually observed in gas turbine components
(Lozitskii et al., 1974; Eliaz et al., 2002). Alloying plays an important role in the corrosion resistance
of materials in such environments, as the microstructural components of the alloy have different
responses, if subjected individually to the same environment. It is also difficult to predict the
response of the alloy to the corrosive medium, as the presence of new phases, compounds and

microstructures can lead to pitting and/or galvanic corrosion.

2.3.2  Principles of cathodic modification

Potgieter et al. (1990), described the principles of cathodic modification which is shown
schematically in Figure 2.10 and presented the four distinct states that can be displayed by a system
with an active-passive transition: active, active-passive, passive and transpassive. The different states

depend on the relative efficiency of the cathodic process (or processes) in each case.
Active state

When the rate of the cathodic process is relatively low (green line in Figure 2.10a), the system will
be in the active state. The metal or alloy undergoes stable active dissolution at a potential of E:
with a current density of s, and the following conditions prevail:

EOA < Ecorr < Epass ) and icath (Epass) < icrit
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Where:
EqA is the transition potential from cathodic to anodic process of base metal.
izath IS the a exchange current density of the modified alloy, and
irit IS the critical current density of the base metal or alloy.

The active state is established spontaneously. Hence, if an external perturbation causes the system
to move momentarily into the passive potential range, the active state will be spontaneously re-
established.

Active-passive state

For a higher, intermediate rate of the cathodic process (green line in Figure 2.10b), there are three
possible conditions for the system. These conditions are given at the three points A, B, and C, at
which the cathodic line and anodic curve intersect. At potential C (< Egas), anodic dissolution of

the metal or alloy occurs at a relatively high corrosion rate. At potential B (~Epss), the system is in
an unstable state, rarely observed in practice. At potential A (> Egas), the system is in the passive
state, and the corrosion rate is very low. If the system is perturbed, the different conditions of the

active-passive state will not be spontaneously re-established.
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Figure 2.10. Principles of cathodic modification: a) active, b) passive-active, ¢) passive, and d) transpassive, after

Potgieter et al. (1990).
Passive state

For a high rate of the cathodic process (solid line in Figure 2.10c), the anodic and cathodic curves

intersect at only one point. The system is in a stable, passive state. The following conditions prevail:

EoC = Epass and icath(Epass) > icrit

where E° is the transition potential from cathodic to anodic process of the base metal after alloying.
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The rate of metal or alloy dissolution is very low, and is equal to the passive current density ips. The
passive state is also spontaneously stable, which means that if the passivity is momentarily disturbed,
the passive state will be spontaneously re-established. This kind of system is typical of cathodically
modified chromium, stainless steel, and titanium alloys in non-oxidizing acid environments (McGill,
1990). The chromium, stainless steel and titanium alloys all have passivation potentials more
negative than the evolution potential of hydrogen in acidic media. When a PGM is added to any of
these alloys, a large increase in the rate of hydrogen evolution will occur, which is large enough to
move the corrosion potential of the cathodically modified alloy in the region of stable passivity
(Streicher, 1977; McGill, 1990; Kim and Frankel, 2007; Potgieter et al., 1990). Spontaneous
passivation of the alloy will therefore result (Potgieter et al., 1990).

Transpassive state

For a very high rate of the cathodic process (green line in Figure 2.10d), or in highly oxidizing
environments, it is possible that E.° > Eu.. At this high potential, the metal or alloy will have a
higher rate of dissolution than at potentials in the passive range, and considerable corrosion can

take place.

2.3.3  Alloys cathodically modified with noble metals

The use of the platinum group metals to modify the cathodic reaction on stainless steels, chromium-
based alloys and titanium-based alloys has been under investigation over the last 50 years (Stern and
Wissenberg, 1959a, 1959b; Hoar, 1960; Streicher, 1977; McGill, 1990; Potgieter ¢t al., 1990). The
corrosion resistance of alloys containing small amounts of noble metals relies on the principle that
the high exchange-current density for the reduction of hydrogen can shift the corrosion potential
of the alloy to a value in the passive region, causing it to passivate spontaneously (Potgieter, 1991).
The effectiveness of the PGMs and other noble metals in promoting corrosion resistance was found
to decrease in the order Ir > Rh > Ru > Pt > Pd> Os > Au > Re > Ag (Stern and Wissenberg,
1959a and 1959b).
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2.3.4 Cathodic modification

Cathodic modification is the most documented method for increasing titanium corrosion resistance

in non-oxidising acids (Stern and Wissenberg, 1959a, 1959b; van der Lingen and Sandenbergh,

2001, Potgieter, 2010). Four basic conditions are required for successful cathodic alloying (Potgieter

et al., 1990):

1. The base alloy must have a small critical current density (ic:) that will be easily exceeded by the
current of the hydrogen cathodic reaction on the added noble metal at the given passivation
potential (Epas).

2. The passivation potential (E.ss) of the base metal must be sufficiently negative to allow the
cathodic component which has been introduced to change the corrosion potential (Ecor) of the
alloy to a value in the passive range that is more positive than Ep., but less positive than the
potential associated with the onset of transpassive processes (Etrans).

3. The transpassive potential (Ewans) Of the base alloy should be sufficiently electropositive to allow

a wide passive range.

Furthermore, the cathodic alloying component should itself satisfy certain basic conditions. It
should have a higher exchange current density i, (and lower overvoltage) for the cathodic process
of hydrogen evolution than the base metal or the alloy, and it should be corrosion-resistant under

the given conditions.

In non-oxidizing acids (such as sulphuric and hydrochloric acids), the condition requiring a
sufficiently negative passivation potential is satisfied by stainless steels, chromium-based alloys and
titanium-based alloys, while the PGMs have the necessary high exchange current density, i, (and

low overvoltage), for hydrogen evolution.

2.4 Reduction of titanium corrosion rate with addition of noble metals

The reduction of the corrosion rate of alloys with additions of noble metals in boiling sulphuric and
hydrochloric acids was investigated by Stern and Wissenberg (1959b). At various concentrations, it
was found that the maximum benefit obtained by platinum metal additions was reached at ~0.1

wt%. This is shown in Figure 2.11 (Stern and Wissenberg, 1959b), where active conditions prevailed
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at the beginning in the alloys with the lowest noble metals contents, until sufficient metal became

exposed to give the required amount of cathodic stimulation to produce passivation.

Palladium-alloyed titanium performed better than unalloyed titanium in oxidising environments,
and performed much better in non-oxidising and reducing acid solutions (Stern and Wissenberg,
1959D). It was also better than zirconium in non-oxidising and reducing acid solutions, and much

better under oxidising conditions.
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PALLADI
% PLATINUM or PALLADIUM Y PLATINUM or LLADIUM

Figure 2.11. Effect of platinum and palladium on the corrosion rate of titanium in a) boiling chloridric acid
solution, and b) sulphuric acid solutions (Stern and Wissenberg, 1959b).

2.5 Aqueous corrosion of intermetallic compounds

Intermetallic compounds have not been especially developed for resistance to low-temperature,
aqueous corrosion, with only a few exceptions including FesAl and some its alloys which have been
developed as possible substitutes for stainless steels in intermediate-temperature applications
(Duquette, 1994). In certain applications for intermetallic compounds and alloys, and other
composite materials based on these compounds, exposure to moisture from the atmosphere can be
expected, as well as to liquid solutions from the aerospace environment. The lack of development
of intermetallic compounds for corrosion resistance means that a very limited number of aqueous
corrosion studies performed on the new generation of intermetallic compounds and alloys have

been done. Most of the intermetallic compounds investigated to date seem to be sensitive to
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hydrogen embrittlement (Takasugi, 1988; Stoloff et al., 1991; Dunfee ¢t al., 1995; Balasubramaniam,
2002; Shankar-Rao, 2004).

For single-phase alloys, the dissolution rates of the alloying elements are generally not uniform, and
the rate of the overall corrosion is often controlled by the dissolution of the least active element in
the alloy, assuming that there is interconnectivity of the dissolving elements (Duquette, 1994). The
general result is the surface enrichment of the less active (nobler) element and a gradual reduction
of the dissolution rate, provided that the atom ratio of noble/active elements is above a value
specific for each system, the alloy is not covered with a film and is homogeneous (Scully, 1966).
For multi-phase alloys, if the active phase is finely dispersed in the noble matrix, it will be dissolved
out and further dissolution of the alloy will be determined by the noble matrix. If the active phase

is continuous or present in sufficiently large proportion, the dissolution will not occur (Scully, 1966).

For aluminium alloys, alloying elements can also modify the potential of aluminium in both
directions, as shown in Figure 2.12 (Burleigh et al., 1993). Zinc strongly decreases the potential
(Burleigh et al., 1993). Therefore, Alloy 7072 with 1 at.% zinc is used as a cladding of Aluminium
3003. Copper alloys of the 2000 series have the smallest electronegative potentials. In solutions

containing SCN™ anions, the alloying elements of Al-6061 and Al-Cu alloys cause enhanced uniform

corrosion of copper. At the same time, the pitting corrosion is decreased by the positive increase

of pitting and repassivation potentials (Amin, 2011).

In aqueous solutions, the behaviour of the intermetallic alloys depends mainly on the potential
difference between the particles and matrix. The phases which are electrochemically nobler than
the matrix play the role of cathodes, while the matrix undergoes anodic dissolution (Szklarska-
Smialoska, 1999). If the matrix is nobler than the intermetallic phase, there will be dissolution of
the precipitated phases, which will leave holes where agglomeration of aggressive species of the
liquid solution can occur. These phases will therefore be the sites where pits will preferentially
nucleate, giving rise to intercrystalline corrosion, or exfoliation corrosion if localised at or close to
grain boundaries. Buchheit (1995) collected corrosion data in NaCl for intermetallic phases
commonly found in aluminium alloys, which can help predict the galvanic cell formation in

aluminium alloys.
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Figure 2.12. Influence of alloying elements on the dissolution potential of aluminium alloys (Burleigh et al.,
1993).

Most intermetallic compounds of commercial interest generally contain significant amounts of
aluminium or silicon in order to provide elevated-temperature oxidation resistance (Duquette,
1994). Alloys containing appreciable amounts of these elements tend to become passive in solutions
with pHs in the range 4-10. The passivity is the result of the reaction with water which produces a
stable aluminium oxide or hydroxide film on the surface of the alloy according to the following

reactions:

2Al + 3H,0 — AlLO; + 3H;

or

2Al + 6H,0 — 2Al(OH); + 3H,

The oxide or hydroxide films act as an effective diffusion barrier to ionic species of the alloying
elements. In solutions of either very high or very low pH, the films tend to be unstable, dissolving
and forming pits, resulting in general dissolution of the alloy (Szklarska-Smialoska, 1999). However,
in acid solutions, most aluminium-containing alloys can be electrochemically passivated (Duquette,
1994).
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A limited number of electrochemical studies on intermetallic compounds are available, and indicate
that the behaviour of aluminides is the same as other aluminium-rich alloys (Bertocci et al., 1990;
Buchheit et al., 1995; Birbilis and Buchheit, 2005). From available data in the literature, the aqueous
corrosion of NisAl and FesAl, aluminides with the same number of aluminium atoms in their cell
structure as TisAl, is discussed to obtain an understanding of what could be the possible behaviour
of titanium aluminides in similar environments. The electrochemical response of NisAl in neutral,
acid, and basic solutions is similar to either pure nickel or pure aluminium, depending on the specific
potential regime (Ricker et al., 1990). Figures 2.13 to 2.15 show typical polarization curves for NisAl
in three different pH regimes and compare the electrochemical behaviour of the intermetallic
compound with those of pure nickel and pure aluminium (Ricker et al., 1990). Figure 2.13 shows
that the pitting potential of the NisAl was considerably higher than pure aluminium and was close
to pure nickel. At the pitting potential, the slope of the current-potential curve suggests that the
NisAl resistance to pit growth was inferior to pure nickel. In the active region of the polarization
curve where hydrogen is evolved, the slopes of NisAl and pure nickel suggest that NizAl was a more
effective catalyst for hydrogen evolution than pure nickel. In strongly reducing acid (Figure 2.14),
the behaviour of NisAl was similar to pure nickel, except that a larger critical current density for
passivation was observed and hydrogen evolution occurred more readily. In basic solution (Figure
2.15), pure nickel and NisAl were virtually identical, except for a slight reversal in the tendency to

evolve hydrogen.

An electrochemical study of NisAl with B, Zr, Cr, or Mo showed that chromium contributed to the
transpassive dissolution of the passive film at a much lower anodic potential, significantly reducing
the passive region (Sulka and Jézwik, 2011). The effect of Fe, Ga and Mo on the corrosion
behaviour of NiAl in NaCl and NaOH solutions was that the best corrosion resistance in both
solutions was obtained with 6 at.% Ga (Albiter et al., 2004). The highest corrosion rate was obtained
with NiAl+6 at.% (Mo, Fe) in NaCl solution and NiAl+6 at.% Mo in NaOH solution. NiAl alloyed
with Fe was more corrosion resistant than 316L type stainless steel, with low corrosion density,
higher passivation potential and high pitting potential (Colin et al., 2007). The corrosion density of
NiAl was independent of the pH in the range 6-12 and varied significantly in acidic solution (pH<J5)
(Rybalka et al., 2011).
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Figure 2.15. Typical polarization curves for Al, Ni and NisAl in a 0.5M NaOH solution (Ricker et al.,
1990).

FesAl has been extensively researched over the last 40 years. Available data have established that
additions of Cr and Mo improve resistance to localised corrosion (Buchanana and Kim, 1990;
Agarwal et al., 1996; Choi and Kim, 2002; Rao, 2004; Chang et al., 2007, Garima et al., 2007).

Most data available for y-TiAl were for its high-temperature corrosion and oxidation resistance.
However, limited data on corrosion of y-TiAl were also available, most of which were related to
hydrogen embrittlement in aqueous corrosive media (Gao et al., 1996; Haruna et al., 2000;
Arockiasamy et al., 2010). There is increasing interest in the use of y-TiAl at room and human body
temperatures and research is underway to assess the corrosion susceptibility of the -TiAl in
simulated human body conditions (Jafariana et al., 2009). Biocompatibility studies were conducted
on human foetal osteoblast cells cultured on y-TiAl (Rivera-Denizard et al., 2008). Ti-47AI-2Cr
(at.%) oxidized at 550°C in air for 1 hour showed good corrosion resistance in NaCl solution
(Delgado and Sundaram, 2007) and in Ringer’s solution, suggesting that y-TiAl can be considered
as an alternative competitive metallic biomaterial, and that thermal oxidation of y-TiAl is a
promising method to generate highly corrosion resistant and biocompatible surfaces for implant

applications (Bello et al., 2010). The corrosion properties of y-TiAl as potential implants were
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assessed in Ringer’s solution (pH: 7.3-7.4) and 3.5 wt% NaCl solution (pH: 6.5), demonstrating that
both in basic and acidic solutions, y-TiAl oxidised by heat treatment in air exhibited high corrosion

resistance.

2.6 Powder characterisation

The processing and final results achieved in sintered compacts are strongly influenced by the
characteristics of the powder, which in turn depends on the production method (Cannon et al.,
1982; Mikli et al., 2001). During the design of powder production processes, it is important to know
beforehand the characteristics of the targeted powder particles, as this will dictate the choice of the
powder production route (Cannon et al., 1982; Datta, 2012). A powder is characterised with respect
to the apparent density, tap density, flowability and packing, particle size, particle size distribution,
particle shape, surface area, internal structure, composition, homogeneity and chemistry. These

characteristics influence the powder response to compacting and sintering.

2.6.1 Apparent density, tap density and flow rate

The apparent density of a powder is defined as the weight per unit volume of powder after pouring
through a Hall flow meter (ASTM B212 and ASTM B213) for free flowing powder or an Arnold
apparent density meter (MPIF STANDARD 48) for non-free flowing meter. The tap density is the
weight divided by the volume after vibrating the powder (ASTM B527 or MPIF Standard 46).

The flowability or flow rate of a metal powder is important to assess its ability to pack to high
density, to fill the die cavity during compaction or injection moulding. The flow rate can be
measured with a Hall flow meter (MPIF STANDARD 03).

2.6.2 Particle size and particle size distribution

The assessment of a size distribution includes the determination of the mean particle size and other
parameters of the size distribution such as the dio, dso and ds. These parameters are defined by Yule
and Dunkley (1994) and German (2005) as:

dw: 10 wt% of the particles are smaller than di, and 90 wt% are larger than dio.
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dso: Median diameter or medium value of particle diameter is a particle diameter or size
value in case where a cumulative distribution percentage reaches 50%. 50 wt% of the
particles are smaller than ds, and 50 wt% are larger than dso.

deo: 90 Wt% of the particles are smaller than dg and 10 wt% are larger than dg.

A wide variety of methods to measure these parameters is available, the most popular being
screening or sieving. In the sieving method, the powder is tapped through a set of sieves with
decreasing mesh size and the amount of powder in each sieve is weighed (MPIF STANDARD 05).
For very fine powder (below 100 pm), techniques based on the measurement of sedimentation,
electrical conductivity, light scattering or X-rays are used. In this category, the technique based on
laser diffraction is commonly used. The laser diffraction technique does not use an arithmetic mean
in the characterisation of powder particle size. Instead, it makes use of the volume weighed mean
D [4,3], or De Brouckere Mean Diameter and surface area mean D [3,2], or Sauter Mean Diameter
(Yule and Dunkley, 1994 ). The De Brouckere Mean Diameter is the volume (or mass) moment
mean, and the Sauter Mean Diameter (SMD, ds; or D [3,2]) is the diameter of a sphere that has the

same volume/surface area ratio as a particle of interest.

2.6.3 Particle morphology

There is a wide variety of shapes of powder particles. Morphology influences the flowability, the
apparent density and the response of the powder to compaction (Upadhyaya, 1997; German and
Bose, 1997; German, 2005; Mwamba, 2007a). The particle morphology must be considered together
with the size distribution, and is often determined with a scanning electron microscope. Different
manufacturing techniques result in powders with different characteristics and appearance, for use
in specific applications. Water atomisation usually produces irregularly-shaped particles free of
internal porosity. However, depending on the operating parameters such as water pressure and melt
superheat, spherical particles can be produced (Yule and Dunkley, 1994; Mwamba, 2007b, 2008).
Gas atomised particles are spherical and pore-free (German, 2005). Metal powders produced by
oxide reduction are irregular in shape, have a large surface area, and usually contain a substantial
amount of internal porosity. Powder particles produced by milling or other mechanical methods
exhibit a range of shapes, depending on the relative ductility or brittleness of the feed material

(Suryanarayana, 2004). Ductile powders are generally flatter with a high aspect ratio, whereas brittle
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particles can be angular and regularly-shaped. Powder particles produced chemically can have
shapes ranging from spherical to angular. Electrolytic powders are highly pure with a dendritic
morphology.

2.6.4 Surface area and internal structure of particles

The specific surface area (SSA) is expressed as the area per unit mass (m?/g) and is closely related
to the size and shape of particles in the powder. It defines the reactivity of the powder during
sintering (Yule and Dunkley, 1994; lJillavenkatesa and Dapkunas, 2001; Horiba Scientific, 2014).
The internal structure of particles, such as microsegregation, internal pores and precipitates, are

characterised with optical and scanning electron microscopy together with EDX.

2.7 Sintered compact characterisation

A sintered compact is characterised with respect to the microstructure, physical, mechanical,
surface-related, electrical, thermal, magnetic and optical properties (German, 2005). Microstructural
characterisation involves the assessment of features such as grain size, phases, pores and defects.
Pore structure in a sintered compact is particularly important, since many other mechanical
properties are dependent on it, and is assessed in terms of size and shape. The physical properties
are determined by the sintered density. The mechanical properties are assessed by determining the
hardness, strength and dynamic properties such as impact properties. Surface-related properties
include corrosion, oxidation resistance and wear resistance. The thermal properties include thermal
conductivity and thermal expansion. During characterisation of a sintered compact, only properties

relevant to the applications are assessed.

2.8 Consolidation technique-property relationship

The consolidation of a powder involves mixing of component powders, together with lubricant,
until a homogeneous mix is obtained, subsequent loading of the mix into a die, compaction under
pressure, and sintering of the compact (German, 2005; Datta, 2012). There are many ways of
consolidating powder which include uniaxial compaction pressing, rolling, extrusion, injection
moulding, cold and hot isostatic pressing, and spark plasma sintering (German, 2005). During

uniaxial compacting, particles are interlocked and cold-welded, resulting in a relatively low strength
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of the green compact that allows it to be safely handled (Upadhyaya, 1997). By heating the green
compact, sintering causes particles to bond together, resulting in significant strengthening and
improved properties (German, 2005). Solid state sintering occurs at temperatures below the melting
point by solid-state atomic transport events, but also liquid phase sintering involves the formation

of a liquid phase, which has a lower melting point than the solid phase.

Gas atomisation is the preferred technique used to produce powder for injection moulding, since
the particles in gas-atomised powder best suited for injection moulding are always fine, in most
cases, smaller than 20 pm in size and near-spherical in shape (Yule and Dunkley, 1994; German and
Bose, 1997). German and Bose (1997) gave the properties of a powder for injection moulding,
which consists of discrete dense and near-spherical particles with no satellites, free of internal voids,
with clean surface, size range between 0.5 and 20 pm, dso between 4 and 8 um, packing to 60 % of
theoretical density, with a wide distribution and minimal segregation. The powder particles are
mixed with organic binders to form pellets that easily flow into a moulding machine. Feedstock
pellets are moulded into oversized tooling that contains the desired shape. The binders are
thermoplastic mixtures of waxes, polymers, oils, lubricants, and surfactants. The heated polymer
allows viscous flow of the mixture to aid forming (filling of complex tool geometries). After

moulding, the binder is removed (debinding) and the remaining powder structure sintered.

In cold and hot isostatic pressing (CIP and HIP), high pressure is isostatically applied to a workpiece
through a fluid. In both processes, powder is sealed into a flexible tooling shaped for the application.
In the CIP process, the powder-tool assembly is pressurised in a vessel filled with oil or water. The
powder is thus converted from a loose aggregate into a partially dense compact which has sufficient
green strength to allow careful handling and transfer to the following process operation. The tooling
is rubber, latex, or polysilicone. Lubricants are rarely used. CIP is always performed at pressures
below 420 MPa (Price, 1998). In the HIP process, the fluid is a gas at elevated temperature ranging
from 480°C for aluminium alloy powders to 1700°C for tungsten powders. The powder is typically
placed in a container or envelope made of metal or glass to a specified shape larger than the final
desired size. The process plastically deforms the particles, which closes up porosity and achieves

100% theoretical density. High density argon is the most common pressure medium in HIP, but
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other gases such as helium or nitrogen are used. Pressures applied in the HIP process range from
20 to 300 MPa, with 100 MPa being commonly used (Connway and Rizzo, 1998).

To obtain reproducibility in filling the mould, powder with repeatable tap density, such as spherical
powder will be preferred in CIP, even though rearrangement, localised deformation, homogeneous
deformation, and elastic bulk compression, take place. In the HIP process, on the other hand, the

need for some plastic deformation allows the use of crushed, irregular, hydride/dehydride powders.

2.9 High-velocity oxyfuel (HVOF) spraying and cold spray spraying as coating
techniques

2.9.1 Thermal Spray

Thermal spray processes use thermal energy generated by combustion or electrical methods to melt
or soften, and accelerate fine dispersions of particles or droplets to speeds in the range of 50-1000
m/s (Crawmer, 2005). The high particle temperatures and speeds achieved result in significant
particle deformation on impact at the substrate surface, producing thin layers or lamellae or splats
adhering to the substrate surface. Solidified droplets build up rapidly, particle by particle, as a
continuous stream of droplets impacts to form continuous rapidly solidified layers. These processes
include flame spray, electric arc spray, and plasma arc spray, after the energy sources used to heat
the coating material to a molten or semi-molten state. The coating materials include powder

particles, wire or rod.

2.9.2 High-velocity oxyfuel (HVOF)

High-velocity oxyfuel (HVOF) spraying is a type of flame spray. In HVOF spraying, a fuel gas such
as hydrogen, propane, or propylene is mixed with oxygen to create a combustion jet at temperatures
of 2500°C to 3000°C. The combustion takes place internally in a high pressure chamber, exiting
through a small diameter barrel to generate a supersonic gas jet with very high particle speeds
(Crawmer, 2005)

2.9.3 Cold Spraying

Cold spraying is a relatively recent spray technology, known by different names such as: Cold Gas
Dynamic Spraying, Kinetic Spraying, High Velocity Particle Consolidation (HVPC), High Velocity
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Powder Deposition and Supersonic Particle/Powder Deposition (SPD) (Dykhuizen and Smith,
1998; Singh et al., 2012). In the cold spray process, a high velocity (300 to 1200 m/s) gas jet, formed
using a converging/diverging nozzle, is used to accelerate powder particles in the size range 1 to 50
wm. The powder particles are heated to required velocities and temperatures, and on impact with
the substrate located 10-25 mm from the nozzle, they deform and bond to form a coating. A fine
balance between particle size, density, temperature and velocity is needed to achieve the desired
coating (Singh et al., 2012).

The kinetic energy of the particles (Padmini et al., 2014), rather than the high temperature as in
thermal coating, helps these particles to plastically deform on impact and form splats, which bond
together to produce coatings. Low temperatures in cold spray techniques avoid or minimize
deleterious shortcomings of traditional thermal spray methods such as high-temperature oxidation,
evaporation, melting, crystallization, residual stresses, and gas release (Ghelichi and Guagliano,
2009). In this process, powder particles are accelerated by the supersonic gas jet at temperatures
generally lower than the melting point of the material, resulting in a coating formed from particles
in the solid state, and hence no melting and solidification is experienced by the powders as in

conventional thermal spray processes.

2.9.3.1 Basic cold spray system

The cold spray system can be designed in either portable or manual and robotic or fixed systems.
The gases with aerodynamic properties generally used to propel the powder particles include He,
N2, mixture of He and N, dry air (79% N, - 21% O,). The main components of the cold spray

system are:
High pressure powder feeder (powders used are in the range of 1 to 50 um in diameter)
Source of a compressed gas

Gas heater to preheat the gas, to compensate for the cooling due to rapid expansion in

nozzle
Supersonic nozzle (Delaval nozzle)

Spraying chamber with a motion system
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System for monitoring and controlling spray parameters (to measure and control the gas

temperature and pressure).

2.9.3.2 Types of cold spray system

There are two methods of injecting the spray materials into the nozzle, corresponding to low
pressure cold spray (LPCS) and high pressure (HPCS) cold spray systems. The two main
distinctions of these two systems are: the pressure (5-10 bars in LPCS and 25-30 bars in HPCS),
and the powder injection method (radial injection in LPCS and axial injection in HPCS). Schematic
diagrams of the operating principles of LPCS (SST, 2014) and HPCS (Singh et al., 2012), are shown
in Figures 2.16 and 2.17.

The particles remain in the solid state and are relatively cold, so the bulk reaction on impact is a
solid-state one. The process imparts little to no oxidation to the spray material, so surfaces stay
clean, which aids bonding. The absence of melting and the relatively low operating temperatures
result in very low shrinkage on cooling. Due to the high strain induced on impact, the coatings tend
to be under compressive stress and not in tension following the liquid/solid state reactions of most
other thermal spray processes (Singh et al., 2012; Moridi et al., 2014). Low temperatures also aid in
retaining the original powder chemistry and phases in the coating, with only changes due to

deformation and cold working.

Bonding relies on sufficient energy to cause significant plastic deformation of the particles and
substrate. Under the high impact stresses and strains, interaction of the particle and substrate
surfaces probably cause disruption of oxide films, promoting contact of chemically clean surfaces
and high friction, generating very high localised heating promoting bonding similar to friction or

explosive welding (Champagne, 2007; Hussain, 2013).
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Figure 2.16. Schematic diagram of the operating principle of the low-pressure cold spray system (Supersonicspray,

2014).
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Figure 2.17. Schematic diagram of the operating principle of the low-pressure cold spray system (Singh et al.,

2012).

2.9.3.3 Materials for cold spraying

At present, coatings are limited to ductile materials such as aluminium, stainless steel, copper,

titanium and titanium alloys. They form part of the isomechanical group, that is, materials

possessing similar mechanical properties (Ghelichi and Guagliano, 2009). Hard and brittle materials,

such as ceramics, cannot be sprayed in the pure form, but may be applied as composites with a

ductile matrix phase. Substrate materials are also limited to those that can withstand the aggressive

action of the spray particles. Soft or friable substrates will erode rather than be coated. In many

ways, the cold spray process is still primarily in the research and development stage, and is only now

becoming commercially available.
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2.9.4 Characterisation of coatings and interfaces

Analytical methods used to characterise coatings include electron spectroscopy, electron
microscopy, ion spectrometry and microscopy, photospectroscopy and microscopy. Mechanical
methods include the assessment of coating hardness, measurement of coating adhesion and
tribological assessment of coatings. For these parameters to be fully assessed, metallography and

image analysis are important (Riggs and Couch, 2008).

2.9.4.1 Electron spectroscopy

The term *“electron spectroscopy” covers a wide range of techniques providing information about
a surface and includes techniques such as Auger and photoelectron spectroscopy (Chalker, 1991).
Auger and photoelectron spectroscopy are used to determine near-surface information of thin film,

such as composition.
2.9.4.2 Scanning Electron microscopy

Scanning electron microscopy involves imaging the secondary and backscattered electrons which
are stimulated by the incident (primary) electron beam. The secondary electrons are used to image
the topography of the specimen or to investigate the inner microstructure of a coating using a cross-
section (Minkoff, 1967; Vernon-Parry, 2000; Egerton, 2005; Bogner et al., 2007). Backscattered
electrons are used to obtain information about the sample relative composition, phase boundaries

by atomic number contrast (Lloyd, 1987).

2.9.4.3 X-ray diffraction

The X-ray diffraction technique allows phase identification and quantification, preferential
orientation and texture detection, crystallite size determination, micro-strain and residual stress
determinations. Powder XRD provides detailed information on the crystallographic structure and

physical properties of materials and thin films.

2.10 Ti-6Al-4V/ Titanium Grade 2 versus plain and alloyed y-TiAl

A comparison of mechanical and physical properties of titanium and titanium aluminide phases

usually found in the Ti-Al alloy system is give in Table 2.1 (Huang and Chesnutt, 1994; Banerjee,
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1994; Pollock, 2006). The properties of nickel-based alloys are given for comparison. Thereason
for this comparison is to indicate the possible improvement which coatings could bring to titanium

properties.

2.10.1 Ti-6Al-4V

Alloy Ti-6Al-4V is unique in that it combines attractive properties with inherent workability (which
allows it to be produced as many types of mill products, in both large and small sizes), good shop
fabricability (which allows the mill products to be made into complex shapes), together with the
production experience and commercial availability that lead to reliable and economic usage
(Donachie, 1989). Thus, Ti-6Al-4V has become the standard alloy against which other alloys must
be compared when selecting a titanium alloy (or custom-designing one) for a specific application.
Ti-6Al-4V also is the standard alloy selected for castings that must exhibit superior strength. For
elevated-temperature applications, the most commonly used alloy is Ti-6Al-2Sn-4Zr-2Mo + Si.
Currently, Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo, Ti-5Al-2Sn-2Zr-4Mo-4Cr, and Ti-6Al-2Sn-4Zr-6Mo
are some of the alloys used in gas turbine engine applications (Davis, 1990; Leyens and Peters,
2003).

Rotating components in gas turbine engines require titanium alloys that maximize strength and
metallurgical stability at elevated temperatures. These alloys also must exhibit low creep rates along
with predictable behaviour for stress rupture, and low-cycle fatigue. The most interesting attributes
of y-TiAl-based alloys are the properties at elevated temperatures, because y-TiAl, as for all
intermetallic compounds, shows very little or no ductility at room temperature (Kimura and Pope,
1997; Huang and Chesnutt, 1994). At elevated temperatures, y-TiAl exhibits the highest burning
resistance (thermal stability and resistance to burning by reaction with oxygen of any source)
compared to various titanium alloys as illustrated in Figure 2.18 (Lasalmonie, 2006).

Table 2.1. Mechanical and physical properties of titanium phases and nickel alloys (Huang and Chesnutt, 1994;
Donachie, 1989; Pollock, 2006).

Properties Base alloy

(Ti) TizAl TiAl (NIi)
Crystallographic structure hcp/bcec DOy L1, fcc
Density (g.cm3) 45 4.1-47 3.7-39 8.3
Melting point (°C) ~1600 1600 1460 ~1400
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Young’'s modulus at room temperature 96-110 120-145 160-175 206
(GPa)
Yield strength at room temperature (MPa) | 380-1150 | 700-990 400-650 | 800-1200
Tensile strength at room temperature 480-1200 | 800-1140 | 450-800 | 1250-1450
(MPa)
Strain to fracture (%) 10-25 2-7 1-5 3-50
Creep limit temperature (°C) 538-600 750 900-1038 | 1090-1095
Oxidation resistance limit (°C) 539-600 650 900-1038 | 1090-1095
Thermal conductivity (W.m-1.K-1) 20 7 22
Phase stability limit (°C) 1180 1440
5
-
%‘ 5
— af
=2EF
£E _E
£ CE
d B
e
oF
IMI B34 THEAL-AV super rTIA
alpha 2

Figure 2.18. Comparison of burning velocity of »~TiAl and various Ti alloys at 427 ‘C (Lasalmonie, 2006).

Comparison of the specific strength of y-TiAl and conventional Ti and Ni alloys between 0 and
850°C does not show any significant difference that can justify the replacement of the conventional
Tiand Ni alloys any time soon, as shown in Figure 2.19 (Lasalmonie, 2006). However, the very high
Young’s modulus at low and elevated temperatures makes y-TiAl a very promising candidate for
applications where creep and oxidation resistance are of paramount importance, as illustrated in
Figure 2.20 (Lasalmonie, 2006).
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Figure 2.19. Specific strength of TiAl alloys compared to Ti- and Ni-based alloys (Lasalmonie, 2006).

Many protective coatings developed to date are based on aluminium, with platinum aluminides
being the most investigated (Takayama, 1994; Gurrapa, 2001a; Olike et al., 2005). However, there
have been attempts to combine the optimised property benefits of y-TiAl and y-TiAl-based alloys
with those from conventional Ti alloys such as Ti-6Al-4V (Leyens et al., 1997, 2002). Diffusion
bonding of y-TiAl alloys to Ti-6Al-4V at different temperatures ranging from 800°C to 900°C under
applied stresses of 100 MPa for 2 hours demonstrated that sound joints without pores or cracks
could be achieved (Xiu-Feng et al., 2006). The bonding of Ti-50 at.% Al to Ti-6Al-4V by infrared
brazing using a Cu-Ni-containing Ti filler metals led to the formation of the brittle TisAl and Ti.Ni
phases, decreasing the shear strength of the joint (Shiue et al., 2008). The bonding strength of a joint
can be improved by using higher brazing temperatures, longer brazing times and a low-nickel filler
metal. This demonstrates that y-TiAl and y-TiAl-based alloys can be used as coatings on a substrate
of Ti-6Al-4V for protection against oxidation in the temperature range of 650°C to 800°C as the
diffusion bonding temperatures are above 800°C. The similarity between the chemical compositions

of substrate and coatings is expected to play an important role in the quality of the bonding.
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Figure 2.20. Specific elastic moduli of y-TiAl, Ni- and Ti-based alloys (Lasalmonie, 2006).

2.10.2 Titanium Grade 2

Unalloyed Commercially Pure (CP) Titanium is available in four different grades, 1, 2, 3 and 4,
which are used based on the corrosion resistance, ductility and strength requirements of the specific
application. Titanium Grade 2 is stronger than Grade 1 and equally corrosion-resistant against most
applications. Titanium Grade 2 has numerous applications in the medical industry. Biocompatibility
of Titanium Grade 2 is excellent, especially when direct contact with tissue or bone is required.

Like other titanium-based materials, Titanium Grade 2 exhibits typical properties such as the high
strength, low weight ratio and outstanding corrosion resistance inherent to titanium, which have
led to a wide and diversified range of successful applications. Most of these applications require
high levels of reliable performance in surgery, medicine, aerospace, automotive, chemical plant,
power generation, oil and gas extraction, sports, and other major industries (Donachie, 1989; Davis,
1990; Ltjering and Williams, 2007). In the majority of these and other engineering applications,
titanium has replaced heavier, less serviceable or less cost effective materials. Designing with
titanium, and taking all factors into account, has resulted in reliable, economic and more durable
systems and components, which in many situations have substantially exceeded performance and

service life expectations.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 Preparation of y-TiAl cast alloys

The TiAl alloy was prepared by melting titanium Grade 2 and aluminium of commercial purity in a
button arc furnace under an argon atmosphere. The target composition was Ti-47.5 at.% Al. Two
types of alloys were prepared: plain TiAl and TiAl containing platinum group metal (Pd, Pt, Ru and
Ir). The compositions of alloys are given in Table 3.1, where the amount of precious metals was
0.2, 1.0, 1.5 and 2.0 at.% at the expense of titanium content, the aluminium content remaining 47.5
at.%. An oxygen getter (Ti button) was used to get rid of all oxygen before melting the samples.
The change in mass of the buttons before and after melting was neglible, and so not recorded.

The Mintek button arc furnace operates on principles similar to an arc-welding machine, where an
electrical arc is struck between two electrodes. The high-energy arc creates high temperatures
ranging from 3,000 °C to 7,000 °C. The “plasma” is a highly ionized gas which is directed in a
controlled manner onto the sample, to melt it. These high temperatures achieved should allow the
melting of all the refractory metals of the periodic table, but if there is a wide disparity in melting
point, sometime, not all of the higher melting point elements melt. To mitigate this, the samples are

turned over and remelt three times.

The Mintek Button Arc furnace consists of a water-cooled stainless steel bell jar hinged from a fixed
baseplate. Clamps are provided for operation at slightly positive pressure. The electrode (stinger)
shaft penetrates down through the bell jar top, directed toward the hearth, which is a water-cooled
copper with an interchangeable top surface. Because of its simplicity, ease of access into the furnace,
and small volume, the furnace is easily purged. Provision is made for attachment to a vacuum pump

for gas evacuation prior to back-filling with inert gas.

The main limitations of the button arc furnace is the inability to stir the samples during melting to
ensure the homogeneity as in the induction furnace, and the lack of control on cooling, although
the ware-cooled copper hearth insures a fast cooling. This can lead to inhomogeneity due to melting
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point difference (Table 3.2) and non-equilibrium microstructure after solidification and cooling. As
recentely proposed by Valiente Bermejo (2015), sample homogeneity is achieved by running three

to four melting rounds where the sample is turned over, exposing thus a new surface to the arc.

Quenching is prevented by the hot gas surrounding the molten sample.

Table 3.1. Elemental composition of the ,~TiAl alloys, for x=0.2, 1.0, 1.5 and 2.0 at.%.

Alloy Composition (at.%)

Ti Al Ru Pd Pt Ir
y-TiAl 52.5 475 - - - -
y-TiAl- X Ru 52.5-x 475 X - - -
y-TiAl- x Pd 52.5-x 475 - X - -
y-TiAl- x Pt 52.5-x 475 - X -
y-TiAl- x Ir 52.5-x 475 - - - X

Table 3.2. Melting points of alloy components.
Metal Ti Al Pd Pt Ru Ir
Melting Point (°C) 1665 661 1552 1772 2272 2427

3.2 Sample preparation and hardness evaluation

Samples for hardness and oxidation tests were cut from the buttons obtained using an electric
discharge machining (EDM) with hollow cylindrical copper electrodes and were in the form of
disks. The as-cast and oxidation test samples were cut, prepared metallographically and observed
with optical and SEM microscopes. Hardness evaluation was performed on a Duravision
instrument from EMCOTEST with load of 10 kg. For each sample, ten measurements were done

and averaged.

3.3 Heat treatment, oxidation test and thermogravimetric analysis (TGA)

Heat treatment was conducted in a tube furnace at 1000°C under a 65 ml/minute flow of argon.
Samples were loaded at room temperature and the temperature was raised at a rate of 10°C/minute
to 1000°C, held at this temperature for 1 hour and furnace-cooled to room temperature. The heat
treatment temperature was set to correspond to annealing, without phase change, using the Ti-Al

phase diagram (Schuster and Palm, 2006). The heat treatment was conducted at 1000°C because
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the operational temperature where the titanium aluminide alloys are expected to operate is between
900°C and 1100°C.

Prior to the oxidation tests, the high temperature behaviour of samples in air was determined by
thermogravimetric analysis (TGA) using a NETZSCH STA 429 instrument. The weight gain was
deduced. Separate samples of 10 mg cut from sample for oxidation tests were loaded in the STA
and heated from room temperature to 1185°C at a heating rate of 10°C/minute under an air flow
of 40ml/minute. The TGA allowed the determination of the onset of weight increase,
corresponding to the onset of oxidation.

For oxidation tests, the samples were loaded in a muffle furnace, heated to 950°C at 10°C/minute
and held at 950°C for 120 hours in static air. At the end of the holding time, the samples were
allowed to furnace cool. For each alloy a 10 mg piece was cut for TGA and the remaining piece

used for oxidation tests.

3.4 Electrochemical tests

The surfaces of the samples were ground to 1200 grit SiC paper finish, degreased with methanol,
rinsed with distilled water, and dried. The surface was prepared just prior to starting the polarization

experiment to limit long term oxidation.

Before conducting the scan, each sample was immersed in the solution for approximately 60
minutes to obtain a stable corrosion potential. Potentiodynamic scans and open circuit potential
(OCP) measurements were conducted with an ACM AutoTafel potentiostat/galvanostat system
using a conventional three-electrode system with a saturated calomel electrode (SCE). For each
alloy system, tests were done in 5, 15 and 25 wt% HCI at room temperature to assess the effect of
the solution concentration on the corrosion rate. Scans were conducted with the plain titanium
aluminides (»-TiAl), and aluminides with additions of precious metals. Potentiodynamic scans were
conducted by scanning from -350 mV to +1000 mV versus the corrosion potential at a scanning
rate of 10 mV/min. Open circuit potential (OPC) tests were run for 15 hours, during which the

samples were exposed to a 5wt % HCI solution.
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3.5 Characterisation of the bulk and mechanically alloyed samples
3.5.1 Phase identification

It was vital to analyse the phases accurately, to be able to identfy them correctly and obtain their
true compositions, although in some cases, this was so difficult because the phases were so small.
This meant that they were difficult to ressolve when they were in two-phase microstructures, and
also analyses of apparent single phases were inaccurate. SEM imaging and EDX were conducted
with a FEI Nova NanoSEM®, a high resolution scanning electron microscope (HR-SEM). The
composition of the samples and the phases were determined using a combination of X-ray
diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX).

For XRD, the samples were analysed with a PANalytical X'Pert Pro powder diffractometer with an
X'Celerator detector and variable divergence with fixed receiving slits and Fe filtered Co-Ku
radiation. Phase identification was conducted using X'Pert Highscore plus software. Likewise,

samples from mechanically alloyed powders were examined by SEM, EDX and XRD.

3.5.2 Volume fraction of the constitutive phases

The calculation of volume fractions of «, and y phases was done using SEM micrographs, uploaded
on the Olympus PGM optical microscope equipped with the image analysis software (Olympus
Stream Motion). The images were first enhanced to obtain a full intensity spectrum and good
contrast between the two phases. The total number of pixels in the image was determined. To
highlight «,, the intensity threshold method was employed and the sum of pixels constituting the
selected features was performed. The average threshold of 150 was used. The ratio of the latter sum
with the original number of pixels led to the determination of the volume fraction. The results

obtained were the average of 8 measurements per sample.

3.5.3 EDX mapping and line scan analysis

Mapping and line scan analysis were conducted using a Zeiss EVO MAIS SEM equipped with a
Bruker EDX detector run with the Bruker Esprit software. For mapping, different colours were
allocated to each elements and the distribution of each element in the component phases of the

microstructure observed through its colour distribution. The line scan analysis was conducted in
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the backscattered mode (BSE), where a line was drawn across different phases shown in the
microstructure of the alloy and the content of each element recorded step-by-step for 100 counts.
In an excel spreadsheet, the content of each element at each count was reported and variation

curves drawn.

3.6  Preparation of mechanically alloyed y-TiAl
3.6.1 Powder preparation

The target alloy was y-TiAl-0.5 at.% PGM, where PGM denotes the platinum group metals (Pt, Pd,
Ru or Ir), y-TiAl represents Ti-47.5 at.% Al. The alloy composition is shown Table 3.3, where
titanium hydride powder (TiH,) with 98.0% Ti , elemental aluminium powder of 99.7% purity and
PGM sponge powder, together with 6.0 % stearic acid as the process control agent (PCA) were
milled together. The material impurity was not given on the supplier certificate of analysis and the
full analysis of the component metals could not be performed at Mintek and is not usually done in

these types of projects.

Before milling, the powders were mixed together with steric acid for 15 minutes using the WAB
Turbula mixer. The homogeneously mixed powders were transferred into a 500 ml stainless steel
grinding jar containing stainless steel grinding balls (800 g of 20 mm diameter and 200 g of 10 mm
diameter). The ball-to-powder ratio (BPR) was 10:1. The jar was placed and clamped into the
PM100 Retsch milling machine. The ball-to-powder ration (BPR) of 10:1 was chosen as
recommended in the CRC handbook on mechanical alloying and milling (Suryanarayana, 2004),
denoting a 10:1 ratio for small capacity mills such as the PM100 Retsch machine used, and also to
meet the double requirement of mixing by creating cascading fractioning phenomena. A milling
time of 32 hours was selected based on a previous work (Mwamba and Chown, 2011) where it was
found that a milling time between 30 hours and 36 hours was optimal to achieve titanium aluminide

formation when titanium hydride powder was milled together with aluminium powder.
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Table 3.3. Compositions of the produced TiAl powders.

Alloy composition (at.%)

Compounds Ti Al Pt Pd Ru Ir
y-TiAl -0.5 at.% Pt 52 475 0.5 - - -
y-TiAl -0.5 at.% Pd 52 475 - 0.5 - -
y-TiAI -0.5 at.% Ru 52 475 - - 0.5 -
v-TIAI -0.5 at.% Ir 52 475 - - - 0.5

The TiAl powder was ground to finer particles for 30 hours at a rotation speed of 400 rpm.
Thereafter, the jar was removed with the clamp still tightened from the milling machine and placed
inside the Labconco glove box and allowed to cool down for about 5 hours. After milling, the
powder, still enclosed in the milling jar, was transferred in the glove box. An inert atmosphere was
created in the glove box by pumping out to form vacuum inside the glove box and backfilling with
argon at a maximum pressure of 5 mbar and on oxygen content below 1.0 vol.%. In order to prevent
powder ignition or oxidation, the oxygen volumetric content inside the glove box was set to a
maximum of 0.8 %. The powder was allowed to cool down under the inert atmosphere. After
cooling, samples of the powder were transferred to different containers for particle size analyses,
phase identification, DSC and TGA.

3.6.2 Powder characterisation

Properties characterised were apparent density, particle size, size distribution, particle morphology,
chemical composition and phases formed. The apparent densities of the different mixtures were
determined using an Arnold apparent density meter. The size and size distribution of powder
particles were determined by laser diffraction using a Malvern Mastersizer® 2000 in the size range
of 0.02-2000 um with water as the dispersant. The particle shapes were determined by scanning
electron microscopy (SEM) on a FEI Nova NanoSEM®. The XRD analyses were conducted with
a PANalytical X'Pert Pro powder diffractometer with an X'Celerator detector and variable
divergence- and fixed-receiving slits with Fe filtered Co-Ku radiation. The compositions of the
powders and phases were determined using a combination of X-ray diffraction (XRD) and energy
dispersive X-ray spectroscopy (EDX) on the SEM.

The mechanical alloying process was evaluated by a combination of XRD and differential scanning

calorimetry (DSC). The high-temperature transformation and oxidation behaviour of the MA
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powders was assessed by thermogravimetric analysis (TGA). The DSC and TGA were conducted
in a Netzsch STA 429 instrument at 10°C/minute heating rate.

3.7 Powder sintering

The mechanically alloyed powder was sintered using a FCT HP-D5 spark plasma sintering furnace
(Figure 3.1). The furnace heating rate was 240°C/min, allowing to reach the holding temperature
of 1100°C in less than 5 minutes and the furnace was held at a pressure of 6.5 mbar at the holding

temperature for 90 seconds.

3.8 Cold spray coating

Cold spray was the coating technique used to deposit a y-TiAl alloy produced by mechanical
alloying. The cold spray system used was a SST system from Center Line Ltd (Windsor, Canada),
shown in Figure 3.2 in its basic form without the compressor. It consisted of:

1. Hopper console or control box which supplies power to the powder feeder

2. Powder feeder or Pressure Cabinet

3. Spray booth consisting of two chambers (the manual spray gun, left and the robot gun

spray, right)

4. Air cleaning system

5. Compressor (Figure 3.3)
Cold spraying was conducted at 550°C, which is in the range conventionally considered as “cold”
compared to temperatures reached in other coating processes. This temperature was selected as it
corresponded to the point where acceptable coating occurred. Figures 3.3 to 3.5 show the different
components of the SST system, as installed at the School of Mechanical, Industrial and Aeronautical

Engineering, University of the Witwatersrand.
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Figure 3.1. FCT HP-D5 spark plasma sintering furnace.

60|Page



&b CompAir

Figure 3.3. Compressor.
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Figure 3.5. Spray booth and exhaust system (air cleaning system).
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3.8.1 Operation

The hopper console supplied power to the powder feeder. The powder had two filling containers,
one used to load Al,O; for cleaning the substrate by alumina blasting, and the second used for
coating. During the surface blasting, the abrasive was aluminium oxide, with a size distribution of
45-105 pm and an average penetration below 20 um. The carrier gas was air at 4 bar pressure, a 45°
spray angle and a working (standoff) distance of 30 mm. A surface decreasing treatment was done

using a very dilute HCI solution (2 wt% HCI).

On the top face of the pressure cabinet was a set-up PLC screen for the process set-up (Figure 3.6).
The temperature of the travelling powder particles was set up on the pressure cabinet PLC screen.
The actual temperature rise took place in the hopper console through heating elements mounted
around the piping system. The pressure cabinet, through the PLC screen on top, was used to
regulate the powder feed rate to the substrate and the pressure of the carrier gas coming from the

compressor.

The carrier gas used was air. The exhaust or air cleaning system (4 on Figure 3.2) consisted of a
water blanket located under the substrate holder, which received any particles gone astray or
bouncing on the substrate, and trapped them, while the carrier gas, bubbling in the water, exited on
the other side and was sucked out to the atmosphere through the exhaust piping. Figure 3.7 shows
photographs of the cold spray gun during sample positioning and operation. During operation, the
computer, using the Sellio software, controlled the motion of gun spray robot and particle supply

to the substrate from the nozzle, with the particle feed rate set up on the powder feeder PLC.
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Figure 3.7. Cold spray gun, a) during sample preparation, and b) in operation.

The substrates used were commercially pure titanium Grade 2 plates, and Ti-6Al-4V plates. The
dimensions of the plates were 50.0 x 20.0 x 4.0 mm for titanium Grade 2, and 50 x 20 x 1.5 mm for
Ti-6Al-4V.
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3.8.2 Process optimisation

The first step of the coating was the optimisation of the spray process, which included the
temperature (T), pressure (P), powder feed rate (F) and gun nozzle-substrate inter-distance (d) set-
ups. Different sets of optimisation work matrixes were followed. The substrates were titanium
Grade 2 and Ti-6Al-4V of mass m; before coating and mass m, after coating.

Am = (mz-m;)

Am %= [(mz-m;)/m,] x 100

The run, operating temperature (T), pressure (P), feed rate (F), gun working distance (d), mi, my,
Am and % Am were put in work matrix tables as presented in the results in Chapter 8. The coating
process was stopped after three spray gun passes on the substrate. Prior to coating, the substrate

surface was cleaned up by sand blasting technique, using alumina (Al,O3) powder.

3.8.3 Heat treatment of coated samples

Attempts to conduct oxidation tests in air on titanium Grade 2 and Ti-6Al-4V samples coated on
one side at 950°C for 5 days (as carried out on y-TiAl) resulted in the complete destruction of the
titanium samples within a few minutes, due to the accelerated oxidation on the uncoated surface. A
set-up which allowed a controlled oxygen infiltration in the tube furnace was used to control the
oxidation of the uncoated surface. To achieve this, after being coated, the titanium Grade 2 and Ti-
6Al-4V samples were inserted in the tube, heated at a rate of 10°C/minute from room temperature
to 950°C, and held at this temperature for 24 hours under a flow of mixed argon and oxygen with
a ratio of 5 vol.% O, and 95 vol.% Ar. The heat-treated samples were then assessed for their
oxidation behaviour. Samples were only coated on one side to show the difference between the

behaviour of the coated and uncoated surfaces during oxidation tests.
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CHAPTER 4
PROPERTY EVOLUTION WITH ADDITIONS OF
PLATINUM GROUP METALS

4.1 Introduction

Titanium aluminide alloys (Ti-47.5 at.% Al, also referred to as y-TiAl in this work) were prepared
by melting titanium Grade 2 and aluminium of commercial purity (CP). Platinum group metals
(PGMs) were then added to the TiAl-based alloys and the alloys were characterised in terms of

microstructure and oxidation behaviour.

4.2 Microstructure characterisation of cast alloys
421 Plain y-TiAl alloy

The microstructure in the plain TiAl alloy is shown in Figure 4.1, with a duplex microstructure,
consisting of lamellar grains (Areas 1) with single-phase regions between (Areas 2). Figure 4.1b
shows (at higher magnification) an area where lamellar grains were adjacent. This figure also shows
that different grains could be identified by the orientation of their lamellae (Areas 3 to 5). The
volume fractions of o, and y phases in plain y-TiAl were 256 % «, and 756 % . The single phase
regions marked 2 in Figure 4 1a comprise primary y-TiAl formed during solidification via the
peritectic reaction (Figure 2.3a. (Schuster and Palm, 2006)), while the areas marked 1 comprise a
lamellar structure of y (TiAl) and o (TisAl) arising from the eutectoid transformation of o (rj to -
TiAl +«, (TisAl) around 1120°C.

Typical EDX results of plain y-TiAl are reported in Table 4.1. The overall composition indicates
the formation of a duplex structure comprising two compounds, TisAl (referred to as «) and y-
TiAl according to the Ti-Al phase diagram (Grytsiv et al., 2003; Raghavan, 2005; Schuster and Palm,
2006; Batalu et al., 2006), and that «, has an aluminium content between 22 and 33.5 at.% at 400°C.
From 33.5 to about 49.5 at.% Al lies the composition range of a two-phase field of TisAl (x2) and
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v- This was the case in these samples, with the lamellar region having a composition close to 47.5
at.% Al.

The EDX results, together with the Ti-Al phase diagram (Grytsiv et al., 2003; Raghavan, 2005;
Schuster and Palm, 2006; Batalu et al., 2006), also showed that Areas 1 in Figure 4.1a comprised
alternating TisAl (o) and y-TiAl In the single-phase regions (Areas 2 in Figure 4.1a), the aluminium
content was 50.6+1.8 at.%, and the titanium content 49.4+1.8 at.%, showing the presence of -
TiAl. The large errors on the aluminium and titanium contents were an indication of the inaccuracy
of the measurement due to the small size of these areas and the resulting interaction volume size.
The microstructure was a mixture of lamellar grains (with alternating o, and y parallel phases) and
v grains between the lamellar grains, typical of the duplex microstructure.

Figure 4.1. SEM-BSE micrographs of plain »~TiAl, showing TisAl (light) and »-TiAl (dark), as well as
grain orientations.
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Table 4.1. EDX analyses of plain 3-TiAl.

Plain y-TiAl | Area Composition (at.%) Phase
Ti Al
Overall 52.0+1.0 48.0+1.0 -
Lamellae Area 1 52.7+0.7 47.3+0.7 o+ y
Single-phase Area 2 49.4+1.8 50.6+1.8 Y

422 PGM-alloyed y-TiAl

4.2.2.1 y-TiAl with Ru

SEM micrograph of the y-TiAl alloy containing 0.2 at.% Ru is presented in Figure 4.2, showing that

the duplex matrix was maintained, in spite of the ruthenium addition. In addition, a phase mixture

v+G was observed, mainly in the y regions. At high magnification, the two phases g+G were more

easily resolved, similar to Fig. 4.3, which is for a different sample. Liu and Nash (2011) have analysed

the effect of Ru addition on the microstructure and mechanical properties of TiAl alloys and found

a microstructure developing in a similar way.

Figure 4.2. SEM-BSE micrograph of »-TiAl-0.2 at.% Ru alloy showing - TiAl, o+)-TiAl and G phase.
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An SEM micrograph and EDX results of the y-TiAl alloy containing 1.0 at.% Ru are presented in
Figure 4.3 and Table 4.2. The duplex matrix was still maintained, in spite of the increased ruthenium.
The microstructure in Figure 4.3 consisted of y phase (area 1), lamellae (area 2) and fine two-phase
mixture y+G (area 3). The fine structure in Figure 4.3 suggested that it was a eutectoid structure.
However, the existence of a higher temperature structure that decomposed to give rise to the
eutectoid was not established. The large errors observed in the compositions of Areas 1 and 2
(Table 4.2) were attributed to the small size of the phases analysed, resulting in collection of X-rays
from larger areas than the phase targeted. The precious metal content was not constant throughout
the phases, resulting in large aluminium and titanium variations in the gamma and lamellar grains.
The light phase had a high Ru content. The light contrast of Area 4 suggested a high Ru content.
However, these areas were difficult to analyse accurately by EDX due to their small sizes.

2 (yte)

Figure 4.3. SEM-BSE micrograph of 3-TiAl-1.0 at.% Ru showing: (1) y, (2) a2 + 3, (3) two-phase mixture
of G+y and (4) last solidified liquid.

Table 4.2 allowed the G-phase to be identified. The G-phase is the AlisRusTis ternary compound
with the MnyThs structure (Khataee et al., 1989b and 1989c). The Ru content of the G-phase was
reported in the range 23-25 at.% (Khataee et al., 1989a,1989b and 1989c; Grytsiv et al., 2003), and
varied in the range 6.0+0.3 - 10.0+0.5 at.% in this work. This lower Ru content came from the
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matrix pick-up during the EDX analyses, due to the small size of the phases. Thus, the EDX results

were affected by the surrounding matrix, so that the true value should be extrapolated away from

the matrix. The Ru in the alloy resulted in two-phase y+G phase regions (Figures 4.2-4.4).

Table 4.2. EDX analyses of TiAl-1.0 at.% Ru.

Area in Figure 4 Composition (at.%) Phase
Ti Al Ru
Overall 51.3+0.3 | 47.7+£0.3 | 1.0+0.1 v, o2, G
Area 1 46.9+15 |524+17 |0.7+0.1 Y
Area 2 495+10 |50.1+1.2 |04+0.1 y o (unresolved)
Area 3 53.2+0.8 | 40.5+0.7 | 6.3+0.3 v+ G
Area 4 ? ? ? Too small for accurate analyses

As the Ru content increased, the amount of the Ru-containing y+G mixture between the lamellar
grains increased (Figures 4.3 and 4.4) and also was part of a two-phase structure with y-TiAl. At 2
at.% Ru addition (Figure 4.4), the white phase was associated with a fine two-phase morphology,
with some regions being too fine to resolve. Typical EDX analyses of the structures in Figures 4.4
are presented in Table 4.3. The large errors show that there was pick-up from the matrix
surrounding the small areas, because these areas were unfortunately smaller than 2 pm, so that the
beam interacted with other phases. As discussed in Section 2.2.1, the solidification and solid-state
equilibria of y-TiAl-based alloys at 47.5 at.% will solidify as the gTi phase and go through oTi
single-phase region, followed by o«Ti — oTi + y and « + y — o + y transformation, producing a
(«z + y) two-phase structure with decreasing temperature. As suggested by Grytsiv et al. (2003) in
the Shultz-Scheil diagram, solidification with the addition of 2.0 at.% Ru (i.e. in the Ti-Al-Ru ternary
system) forms a ternary phase (G) at 1490°C in a eutectic reaction L — y + G, which later flows
down to the ternary eutectic reaction L— y + 8 + G at 1445°C. It is assumed then that, at low Ru
content, B — o, a single-phase region and o« — o + y and o + y — o + y reactions still occur, the
resulting microstructure will also contain y + G, but not y + o2 + G, because the liquid would have

run out by then.
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Figure 4.4. SEM-BSE micrograph of 3~ TiAl -2.0 at.% Ru showing the eutectic-like structure, where the numbers
into bracket represent the different areas.

Table 4.3. EDX analyses of the eutectic-like and dark structures in »~TiAl -2.0 at.% Ru.

Area Ti Al Ru Phases
Area 1 52.4+2.1 40.5+2.2 7.1+0.3 vy +G
Area 2 56.7+0.8 36.1+0.8 7.3+£0.4 y+G
Area 3 47.2+0.6 51.0+0.6 1.8+0.4 y toe
Area 4 51.4+1.8 47.4+0.6 1.2+0.4 g

4.2.2.2 y-TiAl alloyed with Pd, Pt and Ir

Similar microstructures were observed in samples alloyed with Pd, Pt or Ir (Figures 4.5 and 4.6).
The EDX analyses and the Ti-Al-PGMs ternary phase diagrams (Figures 2.6 to 2.9) allowed the
phases which formed in the -TiAl alloys due to the additions of the PGMs to be identified. Phase
diagram studies indicated that the maximum solubility of Pd in TizAl (o) and TiAl (y) is 2.5 at.%
(Ding et al., 2000; Raghavan, 2008 and Zaikina ¢t al., 20011a), and 5.5 at.% Pt in TisAl (x2) and TiAl
(y) (Zaikina et al., 20011b; Zaikina et al., 2012) . In the two-phase «,+y composition range, what
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formed with Pd additions was the three-phase mixture «,+y+B2. Platinum additions to y-TiAl led
to the presence of «,+y and a three-phase mixture «,+y+7s. There were no data available for iridium
solubility in the two aluminides, except the isothermal section of the ternary system Ti-Al-Ir shown
in Figure 2.9 (Raghavan, 2008). At 1650°C, it shows the existence of the gIrTi intermediate phase
in the Ir-Ti system and IrAl intermediate phase in the Ir-Al system. The similarity with other PGMs
suggested that addition of iridium could have an effect similar to palladium. Given that 8IrTi and
IrAl are both B2, CsCl-type cubic, there was a possibility of solid solution extending from the Ir-Al
side to the Ir-Ti side at higher temperatures, just as the B2 identified by Ding et al. (2000) and
Zaikina et al. (2011a) in the Ti-Al-Pd system. Considering the atomic radii, Al and Ti are within 15%
of each other (Krishna Reddy, 2008), which could allow this substitution to form an isomorphous
solid solution (Hume-Rothery, 1963), although this does not apply to the ionic radii, similarly, the
valences are different, which could preclude the isomorphous solid solution between BIrTi and
IrAl. But the atomic radii should be more relevant.

Figures 4.2 and 4.5 show that the microstructure of y-TiAl with 0.2 at.% PGMs consisted of grains
with alternating «>+y lamellae, y grains and a two- or three-phase mixture. For y-TiAl with 0.2 at.%
Ru, G developed in the y grains to give y+G (Figure 4.2). For y-TiAl with 0.2 at.% Pd, Pt or Ir, the
development of the new phase took place in the lamellar grains. The most visible case was y-TiAl
with 0.2 at.% Pd, where the new phase developed along the «, lamellae of the lamellar grains (Figure
4.5a). As the PGM addition was increased, the PGM-containing phase also increased.
Microstructures similar to y-TiAl with 2.0 at.% Ru (Figure 4.4) were obtained with additions of 2.0
at.% Pt, Pd or Ir (Figure 4.6). At 2.0 at.% PGM additions, the new phases were found both in the
y-TiAl and lamellar grains. In each micrograph of Figure 4.6, y-TiAl, lamellar o, + v, a grey phase
and a bright phase were visible. The composition of the grey and bright phases could not be
established accurately, as they were too small. From the isothermal sections of the different ternary
systems, these regions were identified as ox+y, ao+y+B2 and a B2 ternary phase for y-TiAl with Pd
additions (Zaikana et al., 2011), ap+y, axty+ts and a ternary compound (ts) for y-TiAl with Pt
additions (Ding et al., 2000), and a2+, «+y+t and a ternary compound t was assumed to exist for
y-TiAl with Ir.
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The following can be said on the solidification and post-solidification of y-TiAl with 2.0 at.% Pd.
Solidification and solid-state equilibria of y-TiAl-based alloys at 47.5 at.% will solidify as the BTi
phase and go through oTi single-phase region, followed by oTi — oTi + yand o + y — a2 + y
transformation, producing a (e + y) two-phase structure with decreasing temperature, thus forming
(2 + y) dendrites. As temperature decreased, the liquid surrounding underwent the eutectic
reaction L— o, + vy, followed by the ternary eutectic L— o + y + 1. The resulting microstructure
will consist of (. + y) dendrites, and two eutectic structure o, + y and a very fine eutectic o, + y +

T1.

4.3 X-ray Mapping

The distributions of the different elements in the phases were qualitatively assessed by conducting
X-ray mapping. Figures 4.7 to 4.10 are typical results of X-ray mapping for y-TiAl with Pt additions
(given as an example), and show that Al and Ti were in all the phases, although negligible in the
platinum-rich phases. In all cases, Pt had low distributions in some areas and was concentrated in
some other areas corresponding to the ternary compounds identified by EDX (Figure 4.6).Gamma-
TiAl and TisAl areas were characterised by the high distribution of Ti and Al, and low distribution
of Pt, in agreement with the EDX results. Similar mapping results were obtained with y-TiAl with
Pd, y-TiAl with Ru and y-TiAl with Ir. The original dendrites can be clearly seen and the platinum
is always in the interdendritic region. This is consistent with the phase diagram of Ding et al. (2000)
who showed less than 5 at.% Pt in all the Ti-Al phases. Although the platinum only found
interdendritcally, it was well distributed throughout the sample, showing that the microstructure

was unlikely to be due to unmelted platinum, rather to the distribution of the phases.

4.4 XRD analyses

The XRD patterns of y-TiAl with different PGM additions are shown in Figures 4.11 to 4.14. It is
worth noting that, even though expected peaks were present, the patterns in Figure 4.12 were
poorer, lower signal and noisier. Peaks from y-TiAl and TisAl were present in all XRD patterns,
irrespective of the added PGM. The PGM addition introduced some changes in the positions of

certain peaks. Some of the peaks were lost in the background and were not visible in the patterns.
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Table 4.6 shows the peak positions at 42°, 62.5° and 84.5° in the y-TiAl with PGM compared to
plain y-TiAl. In general, there were shifts at larger 26 due to the introduction of PGMs. A similar

observation was made with peaks from y-TiAl, where shifts were observed at higher 26. The shifts

observed increased to reach maximum values, showing that the solubility limit had been reached.

Only Ru additions led to a shift towards higher 26 follow by a slight decrease (there was a maximum
value for 26=63.5° and 26=86.5° for y-TiAl with 1.0 at.% Ru), probably due to the formation of

another phase.

Table 4.4. EDX analyses of the »~TiAl -0.2 at.% PGMs

y-TiAl-0.2 at.% Pd
N Composition (at.%)
Area in Figure 4.5a T Al g Phase
Overall 51.2+0.8 48.6+0.5 0.2+0.04 o2, Y, , T
Area 1 46.5+0.6 47.6+075 5.9+0.5 o+ T
Area 2 51.3+0.5 48.1+0.5 0.6+0.07 y+ o
Area 3 46.4+0.4 52.5+1.1 1.1+0.1 Y
Area 4 451+1.3 46.0+1.1 8.9+2.2 1
y-TiAl-0.2 at.% Pt
N Composition (at.%)
Area in Figure 4.5c T Al Pt Phase
Overall 51.4+0.6 48.4+0.5 0.2+0.05
Area 1 52.5+0.8 47.3+0.8 0.20+0.05 v+ o
Area 2 48.8+0.1 50.8+0.5 0.4+0.05 v
Area 3 46.7+1.0 46.2+1.3 7.1+0.7 73 (ternary)
Area 4 46.7+0.7 51.3+0.5 2.0+0.2 y + o2 +13
y-TiAl-0.2 at.% Ir
A Composition (at.%)
Area in Figure 4.5d T Al T Phase
Overall 51.6+0.8 48.2+0.8 0.2+0.04 Vs 02, T
Area 1 52.0+0.4 47.7+0.4 0.21+0.04 v +oo
Area 2 48.7+0.4 50.9+0.5 0.4+0.1 Y
Area 3 44715 46.7+£1.2 8.6+0.6 y+or+1
Area 4 47.0+0.3 50.6+0.5 2.3+0.3 ytoart+t
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a,+tq(1)

ct+a,(2)

c. TiAl-0.2 at.% Pt d. TIA02at% Ir

Figure 4.5. SEM-BSE micrographs of »~TiAl alloys with 0.2 at.% PGM, showing a., -TiAl, and a ternary
compounds of different PGM contents.
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Table 4.5. EDX analyses of the »-TiAl -2.0 at.% PGMs

y-TiAI-2.0 at.% Pd

Composition (at.%)

Area in Figure T Al g Phase
Overall 50.4+0.3 47.6+0.5 2.0+03 Y, G2, T1
Area 1 48.4+0.4 40.3+0.7 11.3+06 Ternary Comp (t1)
Area 1 42.7+0.5 43.9+0.4 13.4+1.2 Ternary Comp (1)
Area 2 50.6+0.5 48.0+0.6 1.4+0.3 v+ o
Area 3 47.3+0.1 49.8+0.2 2.9+0.3 g+axtt
y-TiAl-2.0 at.% Pt
N Composition (at.%)
Area in Figure T Al =n Phase
Overall 51.8+0.8 48.0+0.8 0.2+0.04 Y, o2, T3
Area 1 50.6 48.4+0.5 1.0+0.2 y o
Area 2 47.5+0.9 50.4+0.7 2.1+0.3 y Fotts
Area 3 45.1+1.3 46.0+1.1 8.9+2.2 T3
y-TiAl-2.0 at.% Ir
N Composition (at.%)
Area in Figure - Phase
Ti Al Ir
Overall 50.9+1.6 47.00%1.2 2.1+0.2 Y, o2, T
Area 1 48.6+0.8 50.7+0.1 0.7+0.05 v
Area 2 51515 472+2.1 1.3+0.2 y o
Area 3 52.5+2.0 452+2.0 2.3+0.2 y o+ 1
Area 4 46.5+1.5 458+1.4 7.7£15 T
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Figure 4.6. SEM-BSE micrographs of j-TiAl alloys with 2.0 at.% PGM showing az, »-TiAl, and a ternary

compounds (light phase with the highest PGM content).
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Pt solid solution particles

Figure 4.7. Elemental mapping for ~TiAl-0.2 at.% Pt, showing: a) Al, Ti and Pt, b) Al (blue), ¢) Ti (pink)
and d) Pt (yellow).
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Figure 4.8. Elemental mapping for )~TiAl-1.0 at.% Pt, showing: a) Al, Ti and Pt, b) Al (blug), ¢) Ti (pink)
and d) Pt (yellow).
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Figure 4.9. Elemental mapping for »~TiAl-1.5 at.% Pt, showing: a) Al, Ti and Pt, b) Al (blue), ¢) Ti (pink)
and d) Pt (yellow).
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Figure 4.10. Elemental mapping for y-TiAl-2.0 at.% Pt, showing: a) Al, Ti and Pt, b) Al (blue), c) Ti (pink)
and d) Pt (yellow).

8l|Page



trounts
i TiAl 2 0363 Ay —-——- I‘
wTifl 15 L ¥eRy ===
vTiAll 0ac ¥ Ay —-——-
Plain v Tidl _ g
1 (i
o T Z z
) 1 = Iz g _ _ | L
= E’ E % | i = ﬁ E |—.I I*;._E, E |I'|
1 PRI KSR | C A 1“-«.............,.
o " ﬂﬁ*ﬁ“ﬂ““ﬂ:ﬁu{-
a0 an F 1] )] Fi = L] 1400 110
Pr=itinn [*20] {Cobaldt (Ca])
Figure 4.11. XRD patterns of ;- TiAl alloys with different Ru additions.
tguints
v Tl 2.0 at.% Pt -——--
Y-TLAI 1.5 31.% PT ====—==
w-Tid 1.0 at. % Pt -——-- z .
Plainc-s Tikl i '__

Ly
;,;;f\:f'.‘“*”m
1 'I %I
by W# |
ey e ihmm

fll'l -m

mmunm "\ﬂn

Hosaen I“J.'HI {Cobalt EU:I.IJ'

Figure 4.12. XRD patterns of - TiAl alloys with different Pt additions.

Co.nts
| ow-Tial 2.0 at.B Ir m————

TROR L TiM 1.5 9156 I ——— X

p-Ti81 1.0 mt 5 I ——— 5

Plaln-Tial  =———= I

<E

5 = ==
F T Z3
225 E R

| [
LT T T

P

Pezsibion |7 H] dCnbalt (Say

Figure 4.13. XRD patterns of j-TiAl alloys with different Ir additions.

82|Page



CoJdnts

y Tidl 2.0 at.% Pd ———-
W-TIA 1.5 315 Pil m=——
-Tial 1.0 at. % Pl ———-
Flain =Tkl -—

a0 A0

H

Prsitinn ["RH| dCahalt (50)

Figure 4.14. XRD patterns of j-TiAl alloy with different Pd additions.

101

1141

Table 4.6. TisAl peak positions or intensities on the XRD pattern of PGM-containing »-TiAl alloys.

TisAl peak position or intensity

Alloy PGM Bragg angle (26)

Plain y-TiAl | No PGM 42° 62.5° 84.5°

y-TIAl 1.0 at.% Ru Peak not visible 63.5° 86.5°
1.5at.% Ru 41° Peak not visible Peak not visible
2.0at.% Ru 41° 63° 85°

y-TiAl 1.0 at.% Pt Peak not visible Peak not visible 85°
1.5 at.% Pt Peak not visible Peak not visible 85°
2.0 at.% Pt Peak not visible Peak not visible 85°

y-TiAl 1.0 at.% Pd 42° 62.5° 84.5°
1.5 at.% Pd 42° 64° 85°
2.0 at.% Pd 42° 64° 85°

y-TiAl 10at% Ir Peak not visible 63.5° 86°
1.5at.% Ir Peak not visible 63.5° 86°
2.0at.% Ir Peak not visible Peak not visible 86°

4.5 Thermogravimetric analysis (TGA)

The effect of precious metal content on the oxidation behaviour of the y-TiAl alloys was assessed
by TGA. Table 4.7 summarises the mass gains for the different PGM contents at 1185°C and Figure

4.15 shows the relative mass gains with increasing PGM contents. Ruthenium-alloyed TiAl had the

largest mass gain was at 1.0 at.% Ru. The lowest mass gain was achieved with 1.5 at.% iridium and

palladium additions.
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Table 4.7. Mass change as a function of precious metal content at 1185 C.

Precious metal Relative mass increase in PGM-alloyed TiAl (wt%)
content (at.%) Ru Pd Pt Ir

0.2 1.09+0.03 | 1.23+0.03 1.83+0.04 | 1.96+0.03

1.0 4.02+0.02 | 0.85%+0.03 1.32+0.04 | 0.97+0.03

15 2.26+0.02 | 0.57+0.03 2.28+0.03 | 0.53+0.02

2.0 2.62+0.02 | 0.90+0.03 2.18+0.03 | 1.13+0.03

4.6 Hardness

The results of Vickers hardnesses of the as-cast and heat treated samples with 0.2 at.% PGM are
given in Table 4.8. The Vickers hardness of the plain TiAl was around 300HVi, and the
introduction of PGMs resulted in a slight increase. The heat treatment at 1000°C for 1 hour did not
significantly change the hardness of the alloys, and the time might not have been long enough
because the high errors show some inhomogeneity. However, there would be inhomogeneity
anyway, because of the different phases in the microstructure. The samples with the highest

hardness in the as-cast condition, TiAl-Pd, showed the largest decrease on heat treatment.

The effect of increased PGM content on the hardness is shown in Tables 4.8 and 4.9 and Figure
4.16. The hardness of the y-TiAl alloys with increased PGMs remained in the same band as the
addition level of 0.2 at.% Ru, Pd and Pt. However, y-TiAl alloys with Ir showed a direct relationship,
increasing to around 385x16 HVy, at 2.0 at.% Ir. The values of the microhardness on different

phases of plain TiAl and TiAl with PGMs show that the hardness of a, with Ru, Pt, and Ir remained
within the ranges of values of the plain TiAl, and was higher for a, with Pd, indicating that Pd
atoms went into that phase more than other PGMs. The microhardness of g with PGMs was
generally high, except for gwith Pt, which was in the range of plain TiAl, showing that for TiAl-1.0
at.% Ru and TiAl-1.0 at.% Ir, Ir and Ru atoms went into solution with g Conversely, platinum and

palladium atoms did not go into the g phase substantially, making little difference there, only

increasing the hardness in the interdendritic PGM-rich regions.
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Table 4.8. Vickers hardness of as-cast y-TiAl alloyed with different PGM contents.

PGM (at.%) y-TiAl alloy
Plain y-TiAl TiAl-Ru TiAl-Pd TiAl-Pt TiAl-Ir

0 (As-cast) 281+23 - - - -

0 (Heat treated) 269+25 - - - -
0.2 (As-cast) - 314+24 328+17 314+10 293+17
0.2 (Heat-treated) - 30311 311+18 298+14 30012
1.0 (As-cast) - 324+17 296+16 276+11 373+15
1.5 (As-cast) - 309+33 28021 281+15 353+11
2.0 (As-cast) - 298+27 32614 289+16 38516

Table 4.9. Vickers micro-hardness of as-cast j-TiAl alloyed with different PGM contents of 1.0 at.%.

PGM (at.%) y-TiAl alloy

Plain y-TiAl TiAl-Ru TiAl-Pd TiAl-Pt TiAl-Ir
ot 295+35 - - - -
Y 28523 - - - -
High PGM area - 31515 34015 320+5 30014
ot - 30012 315+13 305+16 302+18
Y - 333+13 305+14 287+15 36019

4.7 Discussion
High-temperature oxidation behaviour of y-TiAl with PGMs

The high-temperature behaviour of y-TiAl with PGM was assessed. As the temperature of the y-
TiAl was increased from room temperature to 1185°C under a constant flow of air, there was a
mass increase, due to oxygen pick-up and the subsequent formation of oxides Al,Os; and TiO..
Alumina (Al.O;) and rutile (TiO,) are the oxides normally formed when aluminium and titanium
are exposed to oxygen of the air (Ma et al., 2004; Hanaor and Sorrell, 2011; Chen, 2014; Osorio et
al., 2014).

In oxidation tests, the addition of 0.2 at.% PGM resulted in a small mass increase due to oxide
formation. As the PGM content was increased to 1.0, 1.5 and 2.0 at.%, there was mass reduction
for TiAl with Pd and Ir up to 1.5 at.% addition. At 2 at. % additions, there was a mass increase. For

TiAl with Pt additions, there was a mass decrease up to 1 at.% and a mass increase at 1.5 at.% and
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2.0 at.% additions. This observations suggested that there was benefit of adding Pd and Irup to 1.5
at% and Pt up to 1 at.%. There was no benefit of adding 2 at.% PGM. No comments can be made

on Ru additions because the behaviour of TiAl with 1 at.% addition was anomalous.

The Vickers hardness of the plain y-TiAl was around 300HV . Heat treatment introduced a slight
decrease in hardness. This was expected, as the heat treatment was to soften the TiAl-based alloys,
while keeping the as-cast microstructure. Within the errors, the hardness of y-TiAl with PGM
additions were the same, except for y-TiAl with Ir additions, which was higher. This could be
attributed to solution hardening, because there were few iridium-rich precipitates, indicating more

solid solution.
XRD analyses and Mapping

When comparing the XRD patterns of the plain y-TiAl alloy to those of y-TiAl alloys with PGMs,
the patterns were marked by peak position or intensity variation at certain 20 angles for TisAl and
TiAl when PGMs were added. TisAl and TiAl peaks showed a shift towards larger angles at larger
20. Some peaks were not visible in the patterns, being lost in the background. At lower angles, there

was a slight shift towards small 26.

A constant shift towards larger 26 angles shows that the interplanar spacing (d parameter) decreased
due to the presence of PGMs. This indicated that the presence of PGM atoms in the y-TiAl was
the cause of the peak position shift. The peak shift was not all constant, which was because the
crystal structures of the two compounds were not cubic: a face centred-tetragonal for TiAl and

hexagonal for TisAl.

The X-ray mapping allowed the distribution of each element to be seen in the different phases.
There was more titanium in oz phase and more Al in the y-TiAl phase. The PGM contents were
very low in the o, and y phases and increased locally in the microstructure in region where new
phases of relatively high PGM contents or pure PGM areas (PGM solid solution particles) were.
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CHAPTER 5
CORROSION BEHAVIOUR IN AQUEOUS SOLUTIONS

5.1 Electrochemical behaviour

The results of electrochemical testing are given in Tables 5.1 - 5.5 and show the current density,
corresponding corrosion rates and corrosion potentials at each concentration of the HCI solution.
The potentiodynamic scans of plain y-TiAl in solutions of different concentrations are shown in
Figure 5.1. There are no data for TiAl-0.2 at.% Pd in 25 wt % HCI, because the samples completely
dissolved in the solutions.

For g TiAl with 0.2 at.% PGMs, the corrosion rate of the TiAl-0.2 at.% Pt alloy was lower than the
plain g-TiAl alloy in 5 wt % HCI and 15 wt% HCI solutions and was higher than plain g-TiAl alloy

in the 25 wt% HCI solution. The TiAl-0.2 at.% Pd alloy corrosion rate was also lower in the 5 and

15 wt% HCI solutions, and the sample completely dissolved in 25 wt% HCI solution. Gamma-TiAl

with 0.2 at% Ru and Ir additions showed corrosion rates below the plain g-TiAl alloy in all three

solutions.

For gTiAl with 1.0 at.% PGMs, the corrosion rates of gTiAl with 1.0 at.% Pd and 1.0 at.% Ir
additions were lower than the plain g-TiAl alloy in all three solutions. The corrosion rate of g-TiAl

with 1.0 at.% Pt was higher than the plain g-TiAl alloy in 25 wt% HCI solution and g TiAl with 1.0

at.% Ru addition in all three solutions.

For g TiAl with 1.5 at.% PGMs, the corrosion rates of TiAl with Pt were higher than the plain g
TiAl alloy in all three solutions, the corrosion rate of TiAl with Pd was lower in the 5 and 15 wt%
HCI solutions and the corrosion rate of TiAl with Ru was higher than the plain g-TiAl alloy in 5
wt% HCI solutions and lower in 15 and 25 wt% HCI solutions. The corrosion rates were lower than

the plain g-TiAl alloy in all three solutions for g-TiAl with Ir.

For g TiAl with 2.0 at% PGM additions, TiAl alloys with Ru and Ir showed lower corrosion rates
than the plain g-TiAl alloy in all three solutions. Gamma-TiAl with Pd and Pt showed high corrosion
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rates than the plain g-TiAl alloy, with g-TiAl with 2.0 at.% being completely dissolved in 25 wt%

HCI solution.

Table 5.1. Test parameters and resulting corrosion potentials, current densities and corrosion rates for plain y-TiAl

Corrosion
Sam P le HCI lcorr rate Ecor
0 -2
(Wt%) (mA.cm?) (mm.year?) [mV (SCE)]
5 0.061 0.549 -605
Plain y-TiAl 15 0.130 1.161 -566
25 0.200 1.764 -462

Table 5.2. Test parameters and resulting corrosion potentials, current densities and corrosion rates for »-TiAl-0.2
at.% PGM.

Samples HSI loor " Corrg?[zlon Ecor
(wt%) (mA.cm?) (mm.year?) [mV (SCE)]

5 0.068 0.612 -275

y-TiAl-0.2 at.% Pt 15 0.110 0.990 -252

25 0.220 1.980 -230

5 0.004 0.037 -318

v-TiAl-0.2 at.% Pd 15 0.039 0.351 -288
25 - - -

5 0.0005 0.004 -370

v-TiAl-0.2 at.% Ru 15 0.016 0.144 -370

25 0.047 0.423 -344

5 0.041 0.369 -274

v-TiAl-0.2 at.% Ir 15 0.092 0.828 -254

25 0.27 2.430 -244

89|Page



Table 5.3. Test parameters and resulting corrosion potentials, current densities and corrosion rates for y-TiAl-1.0
at.% PGM.

Samples HSI loorr " Corrgizlon Ecor
(Wt%) (mA.cm?) (mm.year?) [mV (SCE)]
5 0.003 0.030 -260
v-TiAl-1.0 at.% Pt 15 0.011 0.099 -234
25 0.240 2.160 -254
5 0.001 0.009 -226
y-TiAl-1.0 at.% Pd 15 0.013 0.117 -268
25 0.013 0.117 -268
5 0.160 1.440 -270
y-TiAI-1.0 at.% Ru 15 0.930 8.370 -238
25 1.500 13.500 -223
5 0.026 0.234 -282
y-TiAI-1.0 at.% Ir 15 0.036 0.324 -275
25 0.040 0.342 -232

Table 5.4. Test parameters and resulting corrosion potentials, current densities and corrosion rates for y-TiAl-1.5
at.% PGM.

Samples HSI loor " Corrgizlon Eco
(Wt%) (mA.cm?) (mm.year?) [mV (SCE)]
5 0.5 4.500 -312
y-TiAI-1.5 at.% Pt 15 1.3 11.700 -267
25 3.8 34.200 -238
5 0.039 0.351 -261
y-TiAl-1.5 at.% Pd 15 0.067 0.603 -226
25 0.39 3.510 -189
5 0.12 1.080 -245
y-TiAl-1.5 at.% Ru 15 0.026 0.234 -297
25 0.059 0.531 -310
5 0.01 0.090 -296
y-TIAI-1.5 at.% Ir 15 0.022 0.198 -264
25 0.024 0.216 -237
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Table 5.5. Test parameters and resulting corrosion potentials, current densities and corrosion rates for y-TiAl-2.0
at.% PGM.

Corrosion
Samples (vl;lt%) (mAI\C;:r;n'Z) rate [mvE(Cé)E E)]
' (mm.year™)
5 0.120 1.080 -271
v-TiAl-2.0 at.% Pt 15 0.170 1.530 -235
25 0.500 4.500 -291
5 4.600 41.400 -274
y-TiAl-2.0 at.% Pd 15 3.400 30.600 -242
25 - - -
5 0.010 0.090 -270
y-TiAl-2.0 at.% Ru 15 0.014 0.126 -306
25 0.095 0.855 -325
5 0.005 0.045 -281
y-TiAl-2.0 at.% Ir 15 0.039 0.351 -263
25 0.079 0.711 -244
5.2 Effect of alloying additions on corrosion potential

521  Corrosion of plain TiAl

In the 5 wt% HCI solution, plain y-TiAl (Table 5.1 and Figure 5.1) had a corrosion potential of
about -605 mV, which increased as the concentration of the HCI solution increased. Thus, the
primary active-to-passive zone decreased with increasing HCI concentration. In 5 wt% HCI, the
passivation potential of plain y-TiAl was about -296 mV and the pitting potential -48 mV. In all
solution concentrations, pitting corrosion occurred with increased current after passivation, e.g.
transpassive region. Pitting corrosion occurred at potentials which decreased with increasing acid
concentration, in agreement with Saffarian et al. (1996). In 25 wt% HCI solution, the passivation
region almost completely vanished, suggesting an inability of the plain y-TiAl to passivate at this

high acidic concentration.
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Figure 5.1. Potentiodynamic scans for plain »~TiAl in HCI solution of different concentrations.

522  y-TiAl alloyed with PGMs

The addition of PGMs to y-TiAl increased the corrosion potential (Tables 5.2 - 5.5). Typical
potentiodynamic scans are shown in Figure 5.2 for y-TiAl alloyed with 1.0 at.% Pd. The addition
of palladium shifted the corrosion potential to a more positive value. These results suggested that
y-TiAI-1 at.% Pd would passivate spontaneously in 5, 15 and 25 wt% HCI solutions. Results
obtained with TiAl-1.0 at.% Pt, TiAl-1.0 at.% Ru and TiAl-1.0 at.% Ir are shown in Figure 5.3, and
results for y-TiAl with 0.2, 1.5 and 2.0 at.% PGM additions are shown in Figures 5.4 to 5.6. Table
5.6 shows the potential increase observed with increasing solution concentration (5, 15 and 25 wt%
HCI) after 60 minute exposures with reference to plain y-TiAl, obtained by the following

calculations:

AEs= Es- Etia
AE1s= Eis- Erial
AE2x=E2s- Etia
where: AE = Potential increase difference
Es = Corrosion potential in 5 wt% HCI solution

Eis = Corrosion potential in 15 wt% HCI solution
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E2s = Corrosion potential in 25 wt% HCI solution

E+ia = Corrosion potential of plain TiAl alloy.

The corrosion potential increases to nobler values are clearly illustrated in Figure 5.3. In the case of
v-TIAl with 1.0 at.% PGM additions (Table 5.6), the corrosion potentials with HCI remained
between -300 and -200 mV for y-TiAl containing platinum group metals, well above the corrosion
potential for plain y-TiAl, which was below -450 mV. Table 5.6 shows similar trends for additions
of 0.2, 1.5 and 2.0 at.% PGM additions. The largest jumps (potential variation above 300 mV) were
observed in 5 wt% HCI solutions, suggesting a spontaneous passivation of these alloys by cathodic
modification. Figure 5.7 shows the shift of corrosion potentials to nobler values with additions of
1.0 at.% PGMs to y-TiAl and suggests an improvement in corrosion resistance. Results for -TiAl
with additions of 0.2, 1.5 and 2.0 at.% PGMs are shown in Figures 5.8 to 5.10, also with similar
trends of the corrosion potentials. The shift of corrosion potentials towards more positive values
did not necessarily lead to the corrosion resistance improvement. Some corrosion potential shifts
(TiAI-0.2 at.% Pd and TiAl-2.0 at.% Pd in 25 wt% HCI) were associated with extensive sample
dissolution and complete destruction, which was attributed to the corrosion potentials of the
samples falling in the transpassive zone of plain TiAl after addition of the PGMs.
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Figure 5.2. Potentiodynamic scans for ~TiAl-1.0 at.% Pd in HCI solutions of different concentrations.
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Figure 5.4. Potentiodynamic scans for »-TiAl with (a) 0.2 at.% Pd, (b) 0.2 at.%Pt, (c) 0.2 at.% Ru and

(d) 0.2 at.% Ir in HCI solutions of different concentrations.

B|Page




Current (mA/cmz)

Current (mA/cmz)

T T T T T T T T T T T T
100 4 — TIAI-1.5Pd (5 wt% HCI) - 800 | —— TiAl-1.5Pt (5 wt% HCI) 1
— TiAI-L.5Pd (15 wt% HCl) —— TiAI-1.5Pt (15 wt% HC)
— TiA-1.5Pd (25 wt% HCl) —— TIAI-1.5Pt (25 wt% HC)
0 e 600 —
-100 - 400 | B
i E. =-189 mV 4
im 226 mv my
¢ 200 " 4 ¢ 200 -
a E,, =-261mV ——e a
> 4 e . > J
£ £
= -300 — = 0+ —
E_ =-238 mV
3 | i,y = 3.9x10° mA/cm 2 !
€ oo : 1 E. =-267mV 1
£ 00 i =6.7x10" mA/cm” 2 200 .
s e o E., =-312mv
1 i, = 3.9x10" mA/em® 1
-500 B -400 . Ll e
i, =5.0x10" mA/em’ }
1.3x10° mA/em”
-600 B -600 | u
. = 3.8x10" mazem’
=700 T 800 TP
1E-4 1E-3 0.01 0.1 1 10 100 1000 1E-3 0.01 0.1 1 10 100 1000 10000
Current (mA/cmz) Current (mA/cmz)
T T T T T T T T T T T T T T
TiAl-L5Ru (5 Wt% HCI) TIAI-L5Ir (5 wt% HCl)
04 — TiAl-1.5Ru (15 wt% HCI) m 04 — TiAI-1.51r (15 wt% HCI) N
— TiAl-1.5Ru (25 wt% HCI) — TiAI-1.51r (25 wt% HCI)
) =-245mv 1
297 mv
-200 =-310 mv — T 200 - 4
~ ~
w w
(s} (s}
%] i %]
> F > 1
£ 2 2 ! £
= = 2.6x10° mA/em” =
B -400 | - 8
£ 5.9x10° mA/( £ -400 4 B 4
5 o mAsem £ -0 i,,, = LOX10° mA/em” ¢
5 ] i, = 1.2x10" mA/em’ 5
o o i, = 2.2x10° mA/em”
o = 2:4x10° mA/cm
-600 E
-600 E
~800 — T R B e e e L
1E-4 1E-3 0.01 0.1 1 10 100 1000 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1 10 100 1000

C

d

Figure 5.5. Potentiodynamic scans for »~TiAl with (a) 1.5 at.% Pd, (b) 1.5 at.%Pt, (c) 1.5 at.% Ru and

(d) 1.5 at.% Ir in HCI solutions of different concentrations.
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Figure 5.6. Potentiodynamic scans for »~TiAl with (a) 2.0 at.% Pd, (b) 2.0 at.%Pt, (c) 2.0 at.% Ru and
(d) 2.0 at.% Ir in HCI solutions of different concentrations.
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Table 5.6. Corrosion potentials and their increases with PGM additions.

y-TIiA-0.2 at.%
PGM

Corrosion potentials (mV)

Potential increase (mV)

Es Eis E2s AEs AEss AE3s
Plain y-TiAl -605 -556 -462 0 0 0
y-TiAl-0.2 at% Pd -318 -288 - 287 268
y-TiAlI-0.2 at% Ru -370 -370 -344 235 186 118
y-TiAI-0.2 at% Pt -275 -252 -230 330 304 232
y-TiAI-0.2 at% Ir -274 -254 -244 331 302 218
ggll\ﬁl'l'o at.% Corrosion potentials (mV) Potential increase (mV)

Es Eis Ezs AEs AE;ss AE2s
Plain y-TiAl -605 -556 -462 0 0 0
y-TiAl-1.0 at% Pd -226 -268 -268 379 288 194
y-TiAI-1.0 at% Ru -270 -238 -223 335 318 239
y-TiAI-1.0 at% Pt -260 -234 -254 345 322 208
y-TiAI-1.0 at% Ir -282 -275 -232 323 281 230
ggll\ﬁl'l's at.% Corrosion potentials (mV) Potential increase (mV)

Es Eis E2s AEs AE;ss AE2s
Plain y-TiAl -605 -556 -462 0 0 0
y-TIAI-1.5 at% Pd -261 -226 -189 344 330 273
y-TiAI-1.5 at% Ru -245 -297 -310 360 259 152
y-TIAI-1.5 at% Pt -312 -267 -238 293 289 224
y-TIAI-1.5 at% Ir -296 -264 -237 309 292 225
E(‘}I’:\ﬁ\ -2.0at.% Corrosion potentials (mV) Potential increase (mV)

Es Eis E2s AEs AEss AE3s
Plain y-TiAl -605 -556 -462 0 0 0
y-TiAl-2.0 at% Pd -274 -242 - 331 314
y-TiAl-2.0 at% Ru -270 -306 -325 335 250 137
y-TiAlI-2.0 at% Pt -271 -235 -291 334 321 171
y-TiAI-2.0 at% Ir -281 -263 -244 324 293 218
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Figure 5.7. Variation of corrosion potentials with HCI solution concentration in p-TiAl with 1.0 at.% PGMs.

Solution concentration [wt% HCl)
'D T T T T r
$ 5 10 i5 20 25 E
-100
-200 —a— Plain y-TiAl
300 —8—y-TiAl-0.2 at% Pd

——y-TiAI-0.2 at% Ru

——y-TiAl-0.2 at% Pt

_»
_’_'_‘__,--'4 ——y-TiAl-0.2 at% Ir

Corrosion potentials (m\)

s 8 8§ &

Figure 5.8. Variation of corrosion potentials with HCI solution concentration in »~TiAl with 0.2 at.% PGMs.
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Figure 5.9. Variation of corrosion potentials with HCI solution concentration in p-TiAl with 1.5 at.% PGMs.
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Figure 5.10. Variation of corrosion potentials with HCI solution concentration in y-TiAl with 2.0 at.%
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523  Attempted prediction of the effect of continuous PGM increases on the corrosion

potential

An attempt was made to predict the effect of a continuous increase of PGM on the corrosion
potential of y-TiAl and is shown in Figures 5.11 - 5.14 for y-TiAl with 0.2-2.0 at.% PGM additions
in HCI solutions of different concentrations. By joining the different points on a PGM content-
corrosion potential plot with straight lines, the trend was an increase in corrosion potential between
0.2 and 1.0 at.% PGMs, followed by a decrease between 1.0 and 1.5 at.% PGMSs. This decrease was
then followed by either a continuous decrease or a new increase of the potential as the PGM content
continued to increase. To evaluate how the corrosion potential could evolve between 0.2 and 1.0
at.% PGMs, or between 1.0 at.% PGM and 1.5 at.% PGMs, Excel linear and polynomial
approximations were conducted and the regression coefficient of determination (R) was assessed.
It appeared that the corrosion potential as a function of the PGMs followed a polynomial trend of
an order 3 (R?=1) or higher as shown in Table 5.7 and Figures 5.11 - 5.14. However, these curves
are very speculative, because only four points were used for each relationship, so these results can
only give a rough comparison Given that the corrosion potentials of all PGMs in the pure state are
well above 0 in acid media (Savitsky et al., 1978), it could be anticipated that the curve trend in the
E-PM content system could only be ascending with increasing PGM content and potential
minimum values as the PGM contain increased. A perfect fit (R>=1) is expected with four points.
However, it should be noted that more data could have given results closer to the real corrosion

behaviour of y-TiAl alloys as the amount of added PGMs is progressively increased.
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Table 5.7. Determination of coefficients (R?) for the corrosion potential variation with PGM content.

y-TiAl with 0.2 - 2.0 at.% platinum additions

Concentration

Coefficient of determination R?

(wt% HCI) Linear Logarithmic Polynomial order 2 | Polynomial order 3
5 0.135 0.060 0.417 1
15 0.028 0.029 0.048 1
25 0.027 0.126 0.685 1

y-TiAl with 0.2 - 2.0 at.% ruthenium additions

Concentration

Coefficient of determination R2

(wt% HCI) Linear Logarithmic Polynomial order 2 | Polynomial order 3
5 -13.01 0.639 0.975 1
15 0.460 0.621 0.698 1
25 0.002 0.093 0.678 1

y-TiAl with 0.2 - 2.0 at.% iridium additions

Concentration

Coefficient of determination R?

(wt% HCI) Linear Logarithmic Polynomial order 2 | Polynomial order 3
5 0.300 0.316 0.381 1
15 0.053 0.216 0.668 1
25 0.000 0.085 0.960 1

y-TiAl with 0.2 - 2.0 at.% palladium additions

Concentration

Coefficient of determination R?

(wt% HCI) Linear Logarithmic Polynomial order 2 | Polynomial order 3
5 0.079 0.287 0.909 1
15 0.200 0.313 0.570 1
25 0.372 0.451 0.523 1
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Figure 5.11. TiAl corrosion potential evolution with different ruthenium additions.
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Figure 5.12. TiAl corrosion potential evolution with different platinum additions.
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Figure 5.13. TiAl corrosion potential evolution with different iridium additions.
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Figure 5.14. TiAl corrosion potential evolution with different palladium additions.
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5.2.4  Corrosion rate and potential increase

From Tables 5.1 - 5.5, comparative corrosion rate histograms were drawn, and Figure 5.15 shows
that in all solution concentrations, y-TiAl alloys with additions of palladium, platinum and iridium
had low corrosion rates, indicative of good corrosion resistance. The corrosion rate of y-TiAl
alloyed with ruthenium was higher than that for plain y-TiAl, even though the addition of ruthenium
to y-TiAl, like other platinum group metals, shifted the corrosion potential to nobler values. This
observation is strange, since it does not support ruthenium also promoting the cathodic
modification. However, previous work (van der Lingen and Sandenbergh, 2001) also showed that
ruthenium additions tended to shift the potentiodynamic curve towards high current density,

resulting in high corrosion rates.
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Figure 5.15. Corrosion rates of TiAl alloys with PGM additions in 5, 15 and 25 wt% HCI solutions.

5.25 Cathodic modification

Cathodic modification involves the passivation of a metal in a reducing acid in order to change the
kinetics of the hydrogen evolution reaction by alloying the metal with a noble metal which has a
higher exchange current density than the metal being passivated. The introduction of PGMs to the

plain y-TiAl resulted in a general improvement of corrosion resistance by shifting the corrosion
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potentials to nobler values. However, the cathodic modification is achieved only (Potgieter et al.,
1990):

1. When the plain y-TiAl has a small critical current density (i«it) which will be easily exceeded by
the current of the hydrogen cathodic reaction on y-TiAl with PGM addition at the given
passivation potential (Epsss) (Figure 2.9).

2. If the passivation potential (Ey.ss) of plain y-TiAl is sufficiently negative to allow the
introduced cathodic component to change the corrosion potential (Ecor) Of the y-TiAl with
PGMs to a value in the passive range that is more positive than Ep.s, but less positive than the

potential associated with the onset of transpassive processes (E:rans).

3. When the transpassive potential (Ewans) Of plain y-TiAl is sufficiently electropositive to allow a

wide passivation region.

Table 5.8 shows the passivation regions obtained for the plain y-TiAl scans in the three solutions.
These regions decreased with increasing solution concentration and completely disappeared in 25
wt% HCI solution. Whether the cathodic process of the y-TiAl alloyed with PGMs fell in the active,
passive or transpassive region of the plain TiAl was verified by comparing the curves of PGM-
alloyed y-TiAl to the plain y-TiAl scans. Figure 5.16 shows the potentiodynamic scans of y-TiAl
alloyed with PGMs superposed on the potentiodynamic scan of plain y-TiAl in 5 wt% HCI. All the
corrosion potentials of y-TiAl alloyed with PGMs were in the passive region, suggesting that TiAl
alloyed with PGMs would spontaneously passivate in the 5 wt% HCI solution, due to cathodic
modification. A similar trend was observed in the 15 wt% HCI solution (Figure 5.17). However, in
the 25 wt% HCI solution, the corrosion potentials of y-TiAl alloyed with PGMs did not intersect
the plain -TiAl curve in the passive region (Figure 5.18). While the cathodic process of y-TiAl
alloyed with platinum and iridium intersected the plain y-TiAl curve in the transpassive region, the
cathodic process of y-TiAl alloyed with palladium intersected the plain y-TiAl curve in the active
region. In either case, this resulted in alloy dissolution. This behaviour in the 25 wt% HCI solution
suggested that it would be very difficult to improve corrosion resistance of y-TiAl alloys by cathodic
modification, due to the fact that the passive region did not exist at all on the potentiodynamic scan
of the plain y-TiAl immersed in 25 wt% HCI solution (Table 5.8). These results showed that PGM-
alloyed y-TiAl could passivate spontaneously in 5 and 15 wt% HCI solutions, whereas corrosion
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would take place in 25 wt% HCI. This was because a very large increase in corrosion potential
(Table 5.6) resulted in the cathodic reaction of PGM-alloyed y-TiAl intersecting the anodic reaction
in the transpassive region of the plain y-TiAl, and an increase in current density occurred. This gave
higher corrosion rates in PGM-alloyed vy-TiAl than plain |-TiAl, although the corrosion potential
values were nobler, as was the case for TiAl-1.0 at.% Ru, TiAl-1.5 at.% Pt and TiAl-1.0 at.% Ir in
25 wt% HCI solutions. It is worth noting that if spontaneous passivation occurred in TiAl-1.0 at.%
PGM in 5 and 15 wt% HCI solution, unstable behaviour (passivation or dissolution) was observed
with TiAlI-0.2 at.% PGM, TiAl-1.5 at.% PGM and TiAl-2.0 at.% PGM in 15 wt% HCI solutions,
indicating a passive-active behaviour. Other similar potentiodynamic curves are shown in Figures
5.19t05.21.

Table 5.8. Characteristic values of potentials and current density for plain TiAl.

Characteristic values of Solution concentration (wt% HCI)
potentials 5 I 55
Epa (MV) -296 -251 -378
Epit (MV) -48 -138 -281
Passivation region From -296 to -48 From -251 to -138 ~0
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Figure 5.16. Effect of PGM additions on the polarisation scans of TiAI-1.0 at.% PGM in 5 wt% HCI
solution.
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Figure 5.17. Effect of PGM additions on the polarisation scans of TiAl-1.0 at.% PGM in 15 wt% HCI

solution.
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Figure 5.18. Effect of PGM metal additions on the polarisation scans of TiAl-1.0 at.% PGM in 25 wt%
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Figure 5.20. Effect of PGM additions on the polarisation scans in 15 wt% HCI solution.
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Figure 5.21. Effect of PGM additions on the polarisation scans in 25 wt% HCI solution.

TiAl-0.2 at.%PGM

Gamma-TiAl with 0.2 at.% Pd or Ir showed passivation with corrosion potentials above the
passivation potential of plain y-TiAl (-296 mV) and below the pitting potential of plain y-TiAl (-48
mV) in 5 wt% HCI solution. Even though there was a shift of corrosion potentials towards more
positive values, y-TiAl with 0.2 at.% Pt or Ru showed corrosion potentials which were below the
passivation potential of the plain y-TiAl, suggesting an active or passive-active regime. In the 15
wt% HCI solution, the passivation behaviour was the same as in the 5 wt% HCI with y-TiAl-0.2
at.% Pd and y-TiAl-0.2 at.% Ir with passivation by cathodic modification, whereas y-TiAl-0.2 at.%
Pt and y-TiAl-0.2 at.% Ru showed passive-active corrosion. In 25 wt% HCI, even though the
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corrosion potentials shifted to more positive values, there was no corrosion resistance improvement
by cathodic modification for all four alloys, as there was no passivation region on the
potentiodynamic scan of the plain y-TiAl.

TiAl-1.5 at.% PGM

In 5 wt% HCI solution, the corrosion potentials of -TiAl-1.5 at.% PGM were all above the
passivation potential of the plain y-TiAl (-251 mV) and lower than its pitting potential (-138 mV),
indicating passivation by cathodic modification. In 15 wt% HCI solution, only TiAl-1.5 at.% Pd had
the corrosion potential between the passivation and the pitting potentials of the plain y-TiAl,
indicating passivation by cathodic modification. Alloys TiAl-1.5 at.% Pt, TiAl-1.5 at.% Ru and TiAl-
1.5 at.% Ir had corrosion potentials lower than the passivation potential of plain y-TiAl, indicating
a passive-active regime with possible passivation in the passive region or dissolution in the active
region. In 25 wt% HCI solution, passivation by cathodic modification was not possible, because of

the absence of any passive region.

TiAl-2.0 at.% PGM

Titanium aluminides with 2.0 at.% PGM showed passivation in 5 wt% HCI solution with the
corrosion potentials of all PGM-alloyed y-TiAl being between the passivation and pitting potentials
of plain TiAl, indicating passivation by cathodic modification. In the 15 wt% HCI solution, the
corrosion potentials of TiAl-2.0 at.% Pt alloy was in the passivation zone, while the corrosion
potentials of TiAl-2.0 at.% Ru and TiAl-2.0 at.% Ir alloys were below the passivation potentials of
plain y-TiAl, indicating the passive-active regime with instability with respect to passivation or
dissolution. In the 25 wt% HCI solution, all the corrosion potentials were in the transpassive zone,
resulting in the dissolution of the alloys. There were no data for the TiAl-2.0 at.% Pd as the sample
was completely consumed, due to the aggressive nature of the solution, and the lack of sufficient

protection.
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526  Analysis of different parameters affecting the corrosion behaviour
5.2.6.1 Solution concentration and corrosion rate

From Table 5.3, corrosion rates were drawn as a function of HCI concentration, Figure 5.22. These
results show that in 5 and 15 wt% HClI solutions, y-TiAl alloys with additions of 1.0 at.% palladium,
platinum or iridium had low corrosion rates, indicative of a good corrosion resistance. In 25 wt%
HCI solution, the corrosion rate of y-TiAl alloyed with platinum was higher than the corrosion rate
of plain y-TiAl, even though the platinum addition, like other PGMs, shifted the corrosion potential
to nobler values. This observation supported the fact that the high increase of the corrosion
potential of the Pt-alloyed y-TiAl resulted in the cathodic process falling in the transpassive zone
on the potentiodynamic curve of the plain y-TiAl (Figure 5.17). Figure 5.22 also shows that the best
performance in corrosion improvement was achieved with the palladium additions. The apparent
missing data in Figure 5.22 were negligible corrosion rates. The addition of iridium also resulted in
a very low corrosion rate, not significantly affected by the variation of HCI concentration in the
solution. The corrosion rate of y-TiAl alloyed with ruthenium was higher than the corrosion rate
of plain y-TiAl, even though the addition of ruthenium to y-TiAl, like other platinum group metals,
shifted the corrosion potential to nobler values.

16

14

12
10 W Plain gamma-TiAl
TiAl-1.0 at.% Pt
6 TiAI-1.0 at.% Pd
4 m TiAl-1.0 at.% Ir
m TiAl-1.0 at.% Ru
2
0 _-__. : | : .
5 15 25

Concentration (wt-% HCI)

Corrosion rate (mm/year)
oo

Figure 5.22. Corrosion rates of TiAl alloys with 1.0 at.% PGM additions in 5, 15 and 25 wt% HCI solutions
(Apparent missing data were negligible corrosion rates).
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Of all titanium aluminides, y-TiAl with ruthenium showed more PGM containing phases at 0.2 at.%
addition, indicating that galvanic corrosion typical of multiphase microstructure alloy would happen
the most. As the Ru content was increased, more PGM containing phases appeared, although this
occurred with the addition of other PGMs. The particularity of Ru is that, at 0.2 at.% addition, it
was found to shift the titanium alloys to zones of high current density, a situation that promoted
dissolution (van der Lingen and Sandenbergh, 2001). This was probably the case in this work,
although there was much scatter, suggesting that the results were inconclusive, and ideally, there
should be repeated.

5.2.6.2 Accumulation of PGMs on the surfaces of corroded TiAl alloys

The accumulation of PGMs on the surface of TiAl can be explained by the corrosion behaviour of
PGMs as presented by Pourbaix et al. (1963). Platinum, palladium, ruthenium and iridium are very
noble metals, since in the potential-pH diagrams (Figure 5.23), their domains of stability cover most
of the stability domain of water. According to their respective potential-pH diagrams, they are
thermodynamically stable in the presence of aqueous solutions of any pH, with the exception of

strong oxidising agents and complexing substances.

Platinum remains unaltered in the presence of water or in aqueous solutions of caustic alkalis at
temperatures around 25°C (Pourbaix et al., 1959 and 1963). It is not attacked by acids and is attacked
only with difficulty by oxidising agents. The noncomplexing acids, sulphuric and nitric, do not
attack platinum. Ferric chloride and hydrogen peroxide solutions also appear to not cause any
reaction. The best known reagent for dissolving platinum, aqua regia (nitrohydrochloric acid), acts
by means of a combination of oxidising action of nitric acid and complexing action of hydrochloric
acid and dissolves platinum as H,PtCls (Pourbaix et al., 1959; Freier, 1978). Hydrochloric acid, which
does not attack platinum on its own, will attack when it contains chlorine in solution, because it
then combines oxidising and complexing actions (Craig and Anderson, 1994).

Palladium is not attacked by water, except at high temperatures, and is not tarnished in moist air.
Non-oxidising acids, acetic, hydrofluoric, oxalic and sulphuric acids are without effect at ordinary
temperatures (Pourbaix et al., 1963). Dilute nitric acid attacks palladium only slowly, but the metal

is corroded quite rapidly by the concentrated acid. At 25°C, iridium is not attacked by water,
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solutions of caustic alkalis, acids and oxidising agents including aqua regia. Ruthenium is less noble
than the three other PGMs. Although ruthenium is not attacked by water or non-complexing acids,

it is easily corroded by oxidising alkaline solutions, such as peroxides and alkaline hypochlorites.

The solutions used were 5 wt% HCI (pH = 0.11), 15 wt% HCI (pH = -0.52) and 25 wt% HCI (pH
= -0.62). In these aggressive conditions, the titanium and aluminium of the matrix were expected
to be dissolved, leaving behind phases of high PGM content on the surface (Figure 5.24). The EDX
results indicated that the PGM contents of these particles were very high (Table 5.9), suggesting
that dissolution did not affect the phase of high PGM content. The poor corrosion resistance of y-
TiAl with ruthenium agreed with Pourbaix et al. (1963) in that ruthenium was less noble than the
other PGMs and hence more easily corroded. In terms of cathodic modification, even though the
corrosion potential of Ti-47.5 at.% Al was shifted to the passive region by the ruthenium additions,
the exchange current density was very high, explaining the high corrosion rate observed in TiAl-1.0
at.% Ru.
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Figure 5.23. Potential-pH diagrams for PGM-water system at 25°C (Pourbaix et al., 1963).

The shift of corrosion potentials to nobler values was attributed to the accumulation of precious

metals on the surface of the y-TiAl alloys, which simultaneously improved the hydrogen evolution
efficiency and inhibited anodic dissolution (Potgieter and Brookes, 1995). To confirm this, SEM
and EDX were conducted on the corroded surfaces to evaluate the PGM content after
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potentiodynamic scans in 25 wt% HCI solution. The corrosion tests involved exposure of samples
to 25 HCI wt% solutions for 180 minutes, 30 minutes of which were in open circuit potential. The
EDX results are shown in Table 5.10 and the microstructures are shown in Figures 5.24. Overall,
there was an increase of PGM contents of the surface of the different y-TiAl alloys, from 1.0 at.%,
in the as-cast alloys, to a maximum of 2.7 at.% for Ru-alloyed y-TiAl, although the increase for Pt
and Ir was negligible. The PGM contents of the surfaces of the different alloys in Table 5.10 show
a clear increase, confirming that an effective accumulation of PGMs took place on the surfaces
during corrosion. The HCI corroded away the rest of the matrix while PGM-containing phases were
corroded to a lesser extent (Figure 5.24), thus exposing more of PGM-containing phases. Iridium-
alloyed TiAl showed a negligible increase, which is in agreement with the moderate effect of the
HCI concentration on its corrosion rate and the low number of pits observed on the corroded
samples (Figure 5.24c).

Table 5.9. EDX analyses of light particles on corroded surface of different alloys.

Elements PGM content in light contrast phases of different alloys (at.%)
TiAI-1.0at% Pt | TiAl-1.0 at.% Pd TiAI-1.0 at.% Ir TiAl-1.0 at.% Ru
Al 44.7 45.3 504 43.3
Pt 13.7 - - -
Pd - 8.8 - -
Ir - - 4 -
Ru - - - 13
Ti 41.6 45.9 45.6 43.7
Total 100 100 100 100

Table 5.10. EDX analyses of alloy surfaces after potentiodynamic tests in 25 wt% HCI solution.

Alloy Surface composition after corrosion test (at.%)
Al Ti Pd Pt Ir Ru
TiAl-1.0at% Pd | 52.6x1.7 | 45.0+14 2.4%0.3 - - -
TiAl-1.0at% Pt | 49.9+0.1 | 48.9+0.1 - 1.2+0.1 - -
TiAl-1.0at% Ir | 50.1+0.5 | 48.8+0.4 - - 1.2+0.1 -
TiAl-1.0at% Ru | 39.3*3.6 | 58.0+3.1 - - - 2.7+0.6
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Figure 5.24. SEM-BSE images of the corroded surface of TiAl-1.0 at.% PGM after potentiodynamic scanning
in 25 wt% HCI solution showing PGM-containing phases on the surface.

5.2.6.3 Open circuit potential measurements

Open circuit potential (OPC) tests were run for 15 hours, during which the samples were exposed
to a 5 wt% HClI solution. The results of the tests are presented in Figure 5.25 and Table 5.11, where
the corrosion potential (mV) is reported as a function of time in an open circuit. The general trend
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was a continuous increase of the corrosion potential with time, to a value between -350 mV and -
200 mV, suggesting that the samples became less active. Gamma-TiAl alloyed with palladium
showed a large decrease of the corrosion potential in the first 30 minutes, indicative of an increase
in activity, followed by a continuous increase up to the end of the test. This behaviour in the first

minutes of the tests could explain the destruction of some of the Pd-containing samples.

Gamma-TiAl alloyed with platinum showed a very high increase in corrosion potential and was
above -100 mV after 15 hours of exposure. This behaviour is in agreement with the high corrosion
rate observed for this alloy during the potentiodynamic scan in 25 wt% HCI. An exposure to a less
aggressive solution for a long time could give the same results as for a more aggressive solution for
a short period of time. Gamma-TiAl alloyed with iridium and palladium showed small variations of
the open circuit potential with time, indicating that these additions promoted long term stability in
the solution. This observation is consistent with the low variations in corrosion rate observed in
these alloys (Figure. 5.22). The shift of open circuit potential towards nobler or less active potentials
before stabilising is usually attributed to the progressive formation of a passive oxide film on the
sample surface during immersion (Zhao and Jerkiewicz, 2006). Stabilisation at active potentials is
due to the breakdown of the passive film as dissolution takes place. The samples did not exhibit
potential stabilisation, but rather a continuous increase in potential, which seemed to be due to the
PGM accumulation on the surface, as was the case for -TiAl alloyed with Pd and Ru. However,

the surface increase of Ir and Pt was negligible.

5.2.6.4 Effect of PGM content on the corrosion potential

The effect of PGM content on the corrosion potential was evaluated by plotting the corrosion
potential as a function of the PGM content in 5, 15 and 25 HCI solutions. While it was established
that the addition of PGM introduced a shift of the corrosion potentials toward more positive values
(Figure 5.7), Figures 5.27 to 5.30 show that regardless of the solutions, the corrosion potentials
remained within 200-300 mV range, indicating that there was no benefit in adding more PGM to
the y-TiAl, as the potential increase achieved with 2.0 at.% PGM additions could well be achieved
with 0.2 at.% PGM additions. This behaviour was more noticeable in y-TiAl with iridium additions.
These figures also show that higher jumps occurred with increased PGM additions, but remained

more or less in the 200-300 mV range, which was explained by the accumulation of PGM on the
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surface. The higher the PGM content in the y-TiAl alloy, the higher was the amount of the PGMs
found on the surface of the alloy. It should be noted that at 2.0 at.% Pd, there was complete

destruction of the sample, leading to the absence of data in Figure 5.27.
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Figure 5.25. Open circuit potential curves for Ti-47.5 at.% Al alloyed with various PGMs tested in 5 wt%
HCI.

Table 5.11. Start and finish open circuit potentials.

Alloy Potential [mV (SCE)] Potential variation
Start (1 min.) Finish (900 min.) [mV (SCE)]
Plain TiAl -748 -598 150
TiAl-1.0 at.% Pt -341 -70 271
TiAl-1.0 at.% Pd -214 -286 -12
TiAl-1.0 at.% Ru -510 -285 225
TiAI-1.0 at.% Ir -466 -340 126
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Figure 5.29. Variation of corrosion potentials with Ru additions in 5, 15 and 25 wt% HCI solutions.
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5.3 Discussion

The results of the corrosion behaviour of plain TiAl alloy and TiAl alloys with PGMs showed that
keeping added PGM s in solid solution was beneficial, as it improved the resistance of TiAl alloys

to corrosion by cathodic modification.

Cathodic modification involves the passivation of a metal in a reducing acid in order to change the
kinetics of the hydrogen evolution reaction by alloying the metal with a noble metal that has a higher
exchange current density than the metal being passivated (Higginson, 1989). The observations made
on y-TiAl alloyed with PGMs indicated that alloy passivation by cathodic modification was achieved
in the 5 wt% HCI solution. In this solution, the modification of the cathodic process occurred
because the corrosion potentials of PGM-alloyed y-TiAl were in the passive region, and suggested
that PGM-alloyed y-TiAl would spontaneously passivate. In 15 wt% HCI solution, the process was
unstable, the corrosion potentials being either in the passive or active regions. This event
corresponded to the passive-active regime and suggested that the effect of PGM addition to y-TiAl
could not be easily predicted. In the 25 wt% HCI solution, the corrosion potentials of y-TiAl alloyed
with PGMs did not intersect the plain y-TiAl curve in the passive region, but fell either in the
transpassive or the active region. In either case, this resulted in active dissolution of the alloys. This
behaviour suggested that it was not possible to improve corrosion resistance of the y-TiAl alloys by
cathodic modification, due to the absence of the passive region on the potentiodynamic scan of the
plain y-TiAl. These results showed that PGM-alloyed y-TiAl would passivate spontaneously in 5
wt% HCI solutions, and could passivate or corrode in 15 wt% HCI solutions, and alloy dissolution
would surely occur in 25 wt% HCI solutions. Thus, there was a solution concentration limit beyond

which the alloy passivation by cathodic modification could not be achieved.

While the Pd-alloyed y-TiAl was protected in 5 wt% HCI solution, this alloy was completely
dissolved in two cases (TiAl-0.2 at.% Pd and TiAl-2.0 at.% Pd in the 25 wt% HCI solution). There
appeared to be no sediment left in the container. The complete dissolution in the 25 wt% HCI
solution was promoted by the formation of soluble compounds of palladium with chlorine in very
acidic and reducing solutions such as the hydrochloric acid (Pourbaix et al., 1963; Williams-Jones et
al., 2004; Wojnicki et al., 2011). This could have occurred in this work with Pd forming a soluble
compound with titanium from the -TiAl.
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The results suggested that the shift of corrosion potentials to more positive values by the addition
of PGMs did not mean that passivation would necessary occur, as the existence of the passivation
region depended on the nature of the alloy and the aggressiveness of the solution. The passivation
zone of the plain y-TiAl decreased with increasing acidity of the solution, completely vanishing in
the 25 wt% HCI solutions. Thus, even though the addition of PGMs to y-TiAl resulted in the
corrosion potential being shifted to more positive values, this outcome would not necessarily be
the passivation by cathodic modification. The corrosion potential shift could cause the corrosion
potential to fall either in the active or transpassive region of unalloyed y-TiAl, due to the shrinking

of the passivation region, leading to active dissolution in both cases.

In addition to the corrosion potential, all other parameters affecting the corrosion behaviour of
PGM-alloyed y-TiAl needed to be analysed simultaneously. These parameters included the solution
acidity, corrosion rate, accumulation of precious metal on the alloy surface during dissolution, open
circuit potential and the PGM content of the alloys. In agueous media, the corrosion behaviour of
y-TiAl depends on the titanium content (Saffarian et al., 1996). Titanium aluminides are susceptible
to pitting, and the pitting corrosion decreases with increasing aluminium content. For solutions of
the same concentration, the pitting potential had the highest value for TisAl, followed by TiAl, and
the lowest value was found for TiAls (Saffarian et al., 1996). In this work, y-TiAl had a fixed
aluminium content, which could not be responsible for pitting potential variation. Plain y-TiAl
showed pitting potentials of -48 mV in 5 wt% HCI solution, -138 mV in 15 wt% HCI solution and
-281 mV in 25 wt% HCI, showing a decreased pitting potential with increasing solution
concentration. A decrease in pitting potential is detrimental to resistance to pitting corrosion, as its
narrows the passivation zone and favour the occurrence of pitting corrosion and active dissolution

in the transpassive regime at an early stage.

The addition of PGMs to y-TiAl not only resulted in the shift of corrosion potentials towards more
positive values, but also in an increase of the pitting potential, suggesting an improvement in
resistance to pitting corrosion, as the passivation zone expanded and the pitting phenomenon was
delayed. The shift of the corrosion potentials towards more positive values was attributed to the
modification of the cathodic process. However, this shift alone was not enough to cause improved

corrosion resistance as other aspects of the alloy electrochemistry, such as current density and long
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term exposure to acid also played a part. Generally, the current density at the corrosion potential
decreased with increasing PGM content, but in some alloys, there was a sharp increase in the current
density, suggesting that, even though there was a shift of the corrosion potential to more positive

values, observed high current densities resulted in high dissolution rates.

The open circuit potentials after 1000 minutes (Figure 5.26) and accumulation of Ru or Pd on the
surface of corroded alloys also indicated the alloys’ behaviour. Alloys showing high PGM content
on the surface, such as y-TiAl alloyed with 1.0 at% Ru or Pd, also showed high corrosion rates,
suggesting a shift of the potentiodynamic curves towards high current density. The relatively large
amount of Ru or Pd observed on the surface led either to the corrosion potential being in the
transpassive region or a shift towards high current density, two situations which both favoured the
dissolution of the alloys. Previous work also showed that ruthenium additions to titanium shifted

the potentiodynamic scan towards high current density (van der Lingen and Sandenbergh, 2001).

As shown in Sections 4.2.1-4.2.2, adding more than 1.0 at.% Pt and more than 1.5 at.% Pd or Ir

(Ru results were inconclusive) was not beneficial to the corrosion resistance, because it led to the
precipitation of new phases with higher PGM contents. G phase in g TiAl with Ru (Khataee et al.,
1989a, 1989b and 1989c, Grytsiv et al., 2003), t; phase in g TiAl with Pd (Zaikana et al., 2011), t; in

g TiAl with Pt (Ding et al., 2000), and similarly, g TiAl with Ir, which resulted in the higher corrosion
rates generally observed in the multiphase alloys, since the matrix became depleted of PGM (Vaidya
and Preece, 1978; Chawla, 1993; Davis, 1999; Ghali and Revie, 2010). This would result in an
improvement not as good as it should be, because the individual phases possess different electrode
potentials, depending on the PGM content of the different phases, resulting in one phase acting as
an anode and being subject to corrosion (Scully, 1966). In this instance, the phases with high PGM
contents acted as cathodes, and the matrix as the anode. The matrix was thus subjected to
dissolution, even though the presence of the PGMs shifted the corrosion potentials to more
positive values. In systems exposed to aqueous environments, the corrosion process is under
cathodic control, which means that the size of the cathode will control the anode current density
(Chawla, 1993; Landolt, 2007). The larger the cathode area compared to the anode area, the greater
will be the anode current density. For y-TiAl, this meant that as the amount of PGMs was increased

from 0.2 at.% to 2.0 at.%, more areas of higher PGM content phases were introduced in the

126 |Page



microstructure, giving higher anodic current density to the matrix, increased matrix dissolution and
more PGM-containing particles were left on the corroded surface. The general result in such a case
is the surface enrichment of the less active elements (Landolt, 2007); here, there was surface
enrichment in PGM-containing particles. This was confirmed by the high values of end potentials

in the open circuit potential tests and the PGM content of corroded surfaces. To avoid this effect,
lower PGMs than the solubility limits in gand a., the main phase components, should be added to

the g-TiAl alloys, although there improvement with amounts higher than the solubility limits.

The PGM content of y-TiAl was varied from 0.2 at.% to 2.0 at.% and assessed for its effect on the
corrosion potential. For a given PGM, at each addition level and irrespective of the solution
concentration, there was a shift of corrosion potential when the performance was compared to that
of plain y-TiAl. However, as shown in Figure 5.7 and Figures 5.27 to 5.30, irrespective of the
solution concentration, the corrosion potentials remained in the -300 mV to -200 mV region,
suggesting that increasing the PGM content did not significantly improve the resistance to pitting
corrosion. A large shift of the corrosion potential to more positive values was not necessarily
beneficial to the PGM-alloyed vy-TiAl, and could result in the corrosion potential falling in the
transpassive region of the plain y-TiAl, leading to active dissolution. This limitation in the achieved
corrosion potential with increasing PGM additions is an indication that the corrosion potentials
achieved after addition of 0.2 or 2.0 at.% PGM were very close to each other and show that there

was no benefit in increasing the PGM content.

The solutions of 5 wt% HCI (pH = 0.11), 15 wt% HCI (pH = -0.52) and 25 wt% HCI (pH = -0.62)
were very aggressive and showed that, at pH below 0, the improvement of the corrosion resistance
became hard to achieve. This suggested that there is a limit, set at pH>0, below which the
improvement of corrosion resistance by PGM additions could not be achieved, and indicated that
in less aggressive solutions with pH>1.0, the y-TiAl alloyed with PGMs should perform better.

5.4 Conclusions

When y-TiAl alloyed with PGMs was tested in 5, 15 and 25 wt% HCI solutions, the corrosion
potentials were shifted to more positive values, suggesting a corrosion resistance improvement by
modification of the cathodic process. There was a decrease in pitting potential of the plain -TiAl
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with increasing solution concentration. A decrease in pitting potential is detrimental to pitting
corrosion resistance as its narrows the passivation zone and favours the occurrence of pitting
corrosion and active dissolution in the transpassive regime. Additionally, there was an increase of
the pitting potential, leading to improvements in pitting corrosion resistance, as the passivation
zone expanded and pitting was delayed.

The corrosion resistance improvement by modification of the cathodic process was achieved in 5
wt% HCI solutions. Platinum, palladium, ruthenium or iridium additions to the y-TiAl alloy
modified the cathodic process, facilitating a spontaneous passivation. In 15 wt% HCI solutions, the
results were unpredictable, corresponding to the passive-active regime. In 25 wt% HCI solutions, it
was not possible to improve corrosion resistance of TiAl alloys by cathodic modification, due to
the absence of the passive region on the potentiodynamic scan of the plain y-TiAl. The resulting
process fell in the transpassive or active regime, leading to active dissolution in either case. The
absence of the passivation zone on the potentiodynamic scan of the plain y-TiAl was attributed to
the high aggressiveness of the solution.

Cathodic modification of PGM-alloyed y-TiAl occurred as a result of increased PGM content,
especially with Ru or Pd, on the surface of the TiAl alloys, which simultaneously improved hydrogen
evolution efficiency and inhibited anodic dissolution. The new phases formed in y-TiAl with
additions of increasing amounts of PGMs (0.2, 1.0, 1.5 .0 and 2.0 at.% Pt, Pd, Ru or Ir) could give
improved corrosion resistance. However, there was no benefit in increasing the PGM content, as
the same performance was achieved at 0.2 at.% and 2.0 at.% PGM. Furthermore, increasing the
PGM content in the y-TiAl alloy beyond 1.0 at.% was not beneficial, as a more noble phase formed,
and galvanic corrosion occurred, with the matrix acting as the anode and the PGM-containing phase
as the cathode.

In terms of alloy performance, there was limit of the solution concentration beyond which the alloy
passivation by cathodic modification could not be achieved. With pH between 0.1 and -0.6, the
hydrochloric acid solutions were very aggressive.
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CHAPTER 6
HIGH-TEMPERATURE OXIDATION BEHAVIOUR

6.1 Oxidation behaviour tests
6.1.1  Thermogravimetric analysis (TGA)

The effect of PGM content on the oxidation behaviour of TiAl alloy was assessed by TGA. Table
5.1 summarises the mass gains for the alloys with different PGM contents at 1185°C. The
assessment of mass gain was done at 1185°C because this was the temperature limit set for the
equipment used, and there was no significant mass change from 900°C to 1185°C. Figure 6.1 shows
the relative mass gain with increasing PGM content. Ruthenium-alloyed y-TiAl showed the largest
mass gain at 1.0 at.% Ru. The lowest mass gain was achieved with iridium and palladium additions.

Table 6.1. Mass change as a function of precious metal content at 1185 °C.

PGM content (at.%) Relative mass change in PGMs-alloyed TiAl (wt%)
Ru Pd Pt Ir

0.2 1.09+0.03 1.23+0.03 1.83+0.04 1.96+0.03

1.0 4.02+0.02 0.85%0.03 1.32+0.04 0.97+0.03

15 2.26%+0.02 0.57%+0.03 2.28+0.03 0.53+0.02

2.0 2.62+0.02 0.90+0.03 2.18+0.03 1.13+0.03

6.1.2  Microstructural characterisation of oxidised alloys
6.1.2.1 External appearance of oxidised alloys

The samples were loaded in a muffle furnace, heated to 950°C at 10°C/minute and held at 950°C
for 120 hours in static air. At the end of the holding time, the samples were allowed to furnace cool.
The oxidised samples were then removed from the furnace after cooling to room temperature. All
the samples underwent oxidation during exposure to the oxygen in the air at 950°C, and exhibited
beige oxide scales on the surface. There were cracks in all the scales, possibly because of different
coefficients of thermal expansion of the metal substrates and the oxide scale. Under the beige oxide

scale was a white oxide layer, which had good adhesion to the substrate. This was especially the
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case in the alloys with platinum additions, which showed a complete loss of the beige scale and

revealed, at all addition levels, a whiter surface after breakaway of the beige oxide.
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Figure 6.1. Effect of PGM content on mass gain for TiAl alloys at 1185 C.

6.1.2.2 Phase transformation during oxidation of TiAl alloys

The microstructures of the oxidised samples are presented in Figures 6.2 to 6.5. The EDX analyses
of TiAl alloys with additions of ruthenium, platinum, iridium and palladium are presented in Tables
6.2 to 6.5, and all the layers had ruthenium. In most cases, the small sizes of phases analysed resulted
in large errors. The EDX results in Table 6.2 and Figure 6.2 show that the oxidised zone of Ru-
alloyed y-TiAl had a layer of TiO: (Area 1) on the surface, followed by a thick layer of mixed oxides
(Al,Os5 and TiO,, in Areas 2 and 3) underneath. Under the oxide layers was a layer containing on
average 50.8+1.5 at.%Ti, 31.0+0.5 at.% Al, 17.4+1.8 at.% O and 0.8+0.2 at.% Ru, a composition
which agreed with the Z-phase, TisAl;O-, of Copland et al. (1999). However, this layer was lighter
in contrast than the substrate, and considering the average atomic number of the Z-phase, it should
have been darker than the substrate. The light contrast of the layer could be explained by the Ru
content, since in the substrate, most of the ruthenium was concentrated in the lighter regions, which
were the ternary phase. This layer was not part of the oxide scale which was examined by XRD and

it is assumed that the layer was the Z-phase. Under the Z-phase was the substrate with the as-cast
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microstructure. The oxide scales were continuous, non-porous, without cracks, and an oxygen
penetration of 188.0+2.5 um.

Table 6.2. EDX analyses of TiAl alloy with 1 at.% Ru shown in Figure 6.2.

Areas Composition (at.%) Phases

analysed Al Ti O Ru

Area 1 12423 | 325421 | 65.7£1.0 | 0.6£0.1 | TiO;

Area 2 253+1.1 | 11.8+0.7 | 625+0.6 | 0.4+0.1 | ALOs+TiO,

Area 3 27206 | 11.2+03 | 61.2+0.3 | 04+0.1 | ALOs+TiO;

Area 4 31005 |50.8+15 | 174+18 | 0.8+£0.2 | TisAlzOx+Ru

Area 5 48.6x1.6 | 49.6x2.2 - 1.8+0.7 | ~TizAl+y-TiAl+G-phase

Oxide layers

i A o B ) ol Tl L pm
Figure 6.2. SEM-BSE image of oxides in 3~TiAl with 1 at.% Ru, showing (1) TiO;, (2-3) TiO+AlOs,
(4) TisAlsO, and (5) substrate after 120 hours at 950°C.

Platinum-alloyed y-TiAl (Table 6.3 and Figure 6.3) followed a different oxidation pattern, and TiO,
layers alternated with mixed TiO,+Al,Os layers. The layer between the metal substrate and the
oxidised layers contained TisAl and platinum, and no oxygen. This layer was immediately adjacent
to the TiO; layer. In the TiAl alloy containing 1.0 at.% Pt, the TiO; surface layer spalled, leaving an
Al,O3 layer with some islands of TiO,. The Al,Os layer and the other layers underneath adhered
very well to the substrate, as shown in Figure 6.3. PGM-rich phases (very light contrast particles)
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were present in the oxidised zone in Figures 6.3 and 6.4, indicating that the presence of PGMs did
not stop the oxidation front wave. The oxide scale here was also continuous, non-porous, without
any cracks and an oxygen penetration depth of 155+14.5 um. The wide variation on the oxygen
penetration thickness was the result of a high irregularity of the surface caused by the peel-off of
the external oxide layer. The composition of Area 5 showed large errors, because it was varying
mixtures of phases within the substrate, due to a wavy oxidation front, where the dark phases were
attacked more and the light phases were attacked less. The non-oxidised phases were analysed in
Section 4.2.2.

Table 6.3. EDX analyses of TiAl alloy with 1 at.% Pt shown in Figure 6.3.

Areas Composition (at.%) Phases
analysed Al Ti O Pt

Area 1 33.9+8.9 54+5.6 60.5+3.7 0.2+0.1 AlLO3+TiO,
Area 2 0.4+0.3 33.2+0.6 65.9+0.8 0.5+0.3 TiO>

Area 3 229455 145+4.0 61.7+15 0.9+0.8 Al,O3+TiO,
Area 3 0.5+0.3 33.9+2.5 64.9+5.4 0.7+0.3 TiO>

Area 4 35.0+1.7 63.1+2.4 - 1.9+1.6 ~TizAl

Area 5 grey 41.9+10.6 57.8+11.0 - 0.3+0.3 ~TizAl+y-TiAl
Area 5 bright 49.1+0.3 48.3+1.6 - 2.6+1.4 y-TiAl

132|Page



Figure 6.3. SEM-BSE image of oxides in TiAl with 1 at.% Pt, showing (1) Al,Os, (2) TiO,,
(3) TIO,+AlQOs, (4) TizAl and (5) substrate after 120 hours at 950°C.

The oxidation-affected zone in iridium-alloyed y-TiAl (Table 6.4 and Figure 6.4) followed an
oxidation pattern similar to that observed in Pt-alloyed y-TiAl. This zone showed a TiO; layer (Area
1) on the surface, with isolated particles of Al.Os, followed underneath by a layer of thick mixed
TiO,+AlLO; (Areas 2 and 3). Under the mixed oxide layer was a layer of composition corresponding

to TizAl, which contained iridium (Area 4). This layer was adjacent to the metal substrate.

The oxidation-affected zone in the palladium-alloyed y-TiAl (Table 6.5 and Figure 6.5) showed a
completely different oxidation pattern, with a TiO, layer on the surface, followed by a thick layer
of mixed TiO,+AlO;, with some Pd. The mixed-oxide layer was followed by a layer of high
titanium content, indicating a migration of titanium towards the oxidation-affected zone, leaving
behind a high-palladium phase corresponding to the ternary compound t; between the high-
titanium content layer and the metal substrate. The large errors observed in the EDX analyses of
different areas (Area 3, Table 6.5) were from the pick-up of the matrix surrounding the small areas
(different proportion of small phases) analysed, smaller than 3 pm, so that the beam was interacting
with these other phases. In the oxide scale, Area 1 (TiO,) was continuous and non-porous, without
any cracks. The area of mixed oxide (Areas 2, 3 and 4) were porous. The maximum oxygen
penetration was 180 um. Even though phases 5 and 6 did not appear to be continuous, this place
of the sample gave the best contrast. Elsewhere, these phases were continuous, but with poorer

contrast.

In most cases, there was breakaway of the oxide scales. The oxide scales were analysed by XRD
and typical patterns are shown in Figures 6.6 and 6.7 for oxide scale obtained from TiAl alloys with
palladium or iridium additions. Alumina and TiO, were confirmed. The oxide scales also showed
Pd and Pd,Al; peaks, indicating that the Pd was present in the oxidation-affected zone, either alone
or bound to Al in an oxidation-resistant compound, leaving Ti to oxidise. There was also a small
peaks of Allr, with the others being coincident with the oxides, Figure 6.7. The results of XRD
supported the observation that white particles in the oxidation-affected zone were PGMs that were

left behind the oxidation front wave.
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The effect of PGM content on the oxidation behaviour of y-TiAl alloys was assessed by conducting
oxidation tests on y-TiAl alloys with 0.2, 1.5 and 2.0 at.% PGMs. Gamma-TiAl alloys with 0.2 at.
% PGMs did not show internal oxidation. As the PGM content of the TiAl alloys was increased,
more oxidation was observed in the samples, resulting in generalised internal oxidation at 2.0 at.%
PGM. The oxidation followed the trend obtained in the thermogravimetric analyses, which showed
that TiAl alloys with high PGM contents had the highest mass gain, indicative of a high level of
oxygen intake and oxidation. Figure 6.8 shows SEM images of internal oxidation in TiAl alloys with
2.0 at.% Ru and Table 6.6 shows the EDX analyses of internal oxidised zones. These analyses might
have errors, because it was not a flat surface. A similar trend was observed in TiAl alloys with 2.0
at.% Pd and 2.0 at.% Pt. The titanium aluminide alloy with 2.0 at.% Ir did not show extended
internal oxidation.

Table 6.4. EDX analyses of TiAl alloy with 1 at.% Ir shown in Figure 6.4.

Areas Composition (at.%) Phases
analysed Al Ti @] Ir

Areal 7.1+2.2 34.0x+1.9 58.9+0.9 - TiO;+Al,O3
Area 2 38.4+1.3 - 61.6+1.5 - Al,O;

Area 3 33.0£1.3 9.2+1.0 57.8x1.9 - ALO:+TiO;
Area 4 37.0x+0.8 62.2+0.7 - 0.9+0.2 ~TizAl

Area 5 48.5+3.5 51.7+£1.5 - 1.1+0.2 v-TIAI+TizAl
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Figure 6.4. SEM-BSE image of oxides in TiAIl with 1 at.9% Ir, showing (1) TiO; (2-3) TiOz+ALOs,
(4) TisAl and (5) substrate after 120 hours at 950°C.

Table 6.5. EDX analyses of TiAl alloy with 1 at.% Pd shown in Figure 6.5.

Areas Composition (at.%)

analysed Al Ti @) Pd

Area 1 - 41.2+04 | 58.8+0.4 - TiO;
Area 2 374421 | 56+12 | 56.9+1.3 - AlLOs+TiO;
Area 3 28.3+7.8 | 11.5+4.7 | 59.6+35 | 0.6+0.1 AlbO3+TiO;
Area 4 38.4+3.6 | 7.1+3.0 | 54.7+3.1 | 0.8+0.5 AlLO; +TiO;
Area 5 141+40 | 76.7£6.0 | 53+24 | 3.9x11 o-Ti+TizAl
Area 6 64.3+1.3 | 25.0+05 | 1.6+15 | 9.1+0.6 1

Area 7 424412 | 39.1+0.3 | 17.0+04 | 1.5+0.6 TisAl+ y-TiAl
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Cixide layers

Figure 6.5. SEM-BSE image of oxides on TiAl with 1 at.% Pd, showing (1) TiO,, (2) Al,Os
(3-4), TiO+AlLO;, (5) TisAl, (6) TisAlzsxPdyand (7) substrate after 120 hours at 950°C.
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Figure 6.6. XRD patterns of the oxide scales on TiAl with 1.0, 1.5 and 2.0 at.% Pd, showing TiO,, AlOs,
Pd>Al; and Pd peaks.
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Figure 6.7. XRD patterns of the oxide scales on TiAl with 1.0, 1.5 and 2.0 at.% Ir, showing TiO,, Al.Os,
Allr and Ir peaks.

TiAl -2.0 at.% Ru

Figure 6.8. SEM-BSE images of internal oxidation in TiAl with 2 at.% Ru addition after 120 hours at 950°C.

Table 6.6. EDX analyses of internal oxidised zones in TiAl with 2 at.% Ru shown in Figure 6.8.

Phases

Areas Composition (at.%)
analysed Al Ti Ru O

Area 6-7 63.1+08 | 33.3+0.7 0.5+0.1 3.1+0.7 TiAl,+TiO,+Al,Os+ (Ru)
Area 8 9.9+04 | 445+0.7 | 0.09%0.03 455+0.9 AlLO;+TiOx+ (Ru)
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6.2

Discussion

In most cases, the oxide scale spalled either partially or totally. Spallation is due to stresses set up
by a mismatch between substrate metal and scale contractions on cooling to room temperature
(Landolt, 2007). The oxidation behaviour of Ru-, Pt-, Ir- or Pd-alloyed y-TiAl can be interpreted
and understood from previous investigations (Becker et al., 1992; Brady et al., 1996; Jacobson et al.,
1999; Copland et al., 1999). The effect of PGMs on the oxidation behaviour of two-phase TiAl was
assessed with respect to the ability of the alloy to form the aluminium oxide and Z-phase (TisAl;O5)
that would stabilise the aluminium oxide phase and promote its continuity (Copland et al., 1999).
For oxidation resistance, the formation of Al,O; is desired over TiO,. The latter grows at a rapid
rate and does not provide adequate protection above 600-700°C (Jacobson et al., 1999). Alumina
scales, by virtue of their extremely slow, parabolic rates of growth, are protective at temperatures
above 1200°C (Copland et al., 1999). During the study of the thermodynamics of y-TiAl oxidation
based on the Al-Ti-O phase diagram, Rahmel and Spencer (1991) concluded that the formation of
a continuous AlO; scale is not to be expected if the composition of the alloy is in the two-phase
region TisAl+TiAl, and that the formation of a continuous protective Al,O; scale would be favored
by:
An increase in the aluminium content up to, or even above, the equilibrium composition
between TisAl and TiAl on the Ti-Al-O phase diagram, because the alloy is then in
equilibrium with AlOs. The selective oxidation of aluminium to form the protective scale
could nevertheless decrease the aluminium content in the subsurface zone below the critical
value of Al,O; stability.

Alloying TiAl with components which decrease the titanium activity and increase the

aluminium activity.

Figure 6.9 is a vertical section of a pressure-composition Ti-Al-O phase diagram at 900°C, where
the phases TisAl, TiAl and TiAl; were treated as line compounds (Rahmel and Spencer, 1991). From
studies of the oxidation of titanium, the main reaction product is TiO, and TiO, Ti,Os. The Magneli
phases (Figure 6.10), with the general formula TinO.1, are oxidised rapidly to TiO,, or the
formation of these oxides is retarded due to slow phase-boundary reactions, so that TiO, and Al,O;

are the reaction products observed. However, for general conditions on the metal surface with the
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oxygen content above 66.50 at.% (Figure 6.10), TiO: (rutile) is more likely to form, as it is the most

stable titanium oxide at all temperatures and ambient pressure (Murray and Wreidt, 1986).

A continuous layer of Al,Os can form on the surface of the alloy at high temperature which protects
the alloy from further oxidation. As described in the next paragraph, the formation of Al,Os on the
surface leads to Al depletion on the sub-surface layer resulting in the formation of a new
stoichiometric ternary phase, the Z-phase, in the sub-surface layer (Copland et al., 1999; Shemet et
al., 2000; Locci et al., 2001). Figure 6.11 shows the calculated isothermal phase diagram of Ti-Al-O
system at 900°C, including the ternary Z-phase (Dettenwanger et al., 1996). Dettenwanger et al.
(1994) found that binary y-alloys formed a continuous Al,O; scale at temperatures up to 1000°C in

pure oxygen, but did not form a continuous alumina scale in air.
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Figure 6.9. Vertical section of the pressure-composition Ti-Al-O phase diagram at 900°C (Rahmel and Spencer,
1991).

Approximately 60-70 at.% Al was needed for binary Ti-Al alloys to form a continuous Al,O; scale

in air, while only about 47-49 at.% Al was needed in pure oxygen. According to Copland et al.
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(1999), y-TiAl forms a subsurface zone of TisAl:O;, or Z-phase, if the initial stage of oxidation at
1000°C is protective. A continuous layer of TisAl;O, forms directly under the Al,Os-rich scale,
requiring very little titanium diffusion, oxygen enrichment and aluminium depletion. For equi-
atomic single-phase y-TiAl, the Z-phase formed according to the reaction (Copland et al., 1999;
Young and Gleeson, 2002):

TiseAlsg + 200 — 10TisAlsO, + 20Al (Equation 51)
For two-phase a+y-TiAl (~47 at.% Al) (Copland et al., 1999):
Ti53A|47 + 200—>10T|5A|302 +17Al + 3Ti (Equation 52)

The aluminium released in these reactions diffuses outward to form more Al,Osscale (Young and
Gleeson, 2002). With continued oxidation, the Z-phase layer partially destabilised at the Z/-TiAl
interface to form a mixture of oxygen-saturated «-TisAl and Z. The precipitation of oxygen-
saturated «,-TizAl coincides with the breakdown of the protective Al,Os-rich scale and the
subsequent formation of a non-protective TiO, + Al,Os scale. It is worth noting that the two
equations show that single phase y-TiAl releases only aluminium that can oxidise and form Al.Os,
and the two-phase o,+y-TiAl releases both aluminium and titanium, which are likely to form mixed
Al,O3+TiO; during oxidation.
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Figure 6.10. Partial Ti-O binary phase diagram (Murray and Wreidt, 1986).
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The subscale formation in y-TiAl during high-temperature oxidation is not in itself a cause of non-
protective oxidation (Young and Gleeson, 2002). The development and maintenance of a
continuous Z-phase layer supports the growth of a protective, Al,Os-rich scale. However, in the
absence of an Al,Os-stabilising third element, such as silver (Shemet et al., 2000), the Z-phase
becomes unstable at the Z/+-TiAl interface and precipitation of oxygen-saturated TisAl («z) occurs
as a result of preferential aluminium oxidation, particularly in the presence of oxygen (Becker et al.,
1992). About 2 at.% Ag addition promoted and stabilised the formation of an alumina scale on v-
TiAl up to the test time of 12000 h and probably beyond (Shemet et al., 2000). The destabilisation
of the Z-phase is believed to be the primary cause of the transition from protective to non-
protective oxidation of y-TiAl based alloys (Young and Gleeson, 2002). The presence of «, next to
the TisAl;O under the mixed TiO,+Al,O; scale was also found by Zheng et al. (1995). They found
that under the initially-formed protective alumina scale was the depleted layer consisting of the
ternary phase TisAlsO, only, and Al,O5 was the oxide in equilibrium with it. On further exposure,
the extent of aluminium consumption increased, leading to the formation of «. in the depleted layer.
Due to the high solubility of oxygen in «, the aluminium would tend to oxidize internally, rather
than form an external scale, leading to oxidation of titanium, which was accompanied by a strong

increase in the scale growth rate.
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Figure 6.11. Calculated isothermal section of the Ti-Al-O ternary system at 900°C including the ternary Z-phase
(Dettenwanger, 1996).

When the alloy was oxidised in air (Dettenwanger et al., 1998; Appel et al., 2011b), nitrogen played
a significant part in promoting the formation of the non-protective mixed TiO,+Al,Os and
significantly reduced the incubation period until the breakaway of the initially-formed alumina scale,
and then enhanced the growth of mixed TiO,+Al,Os scale (Shemet et al., 1997). Rakowski et al.
(1995) showed that, when y-TiAl was oxidised in air, the presence of nitrogen resulted in the
formation of intermixed TiN and Al.Os on the alloy’s surface, which prevented the development
of a continuous alumina layer. The resulting mixed oxide layers were permeable to nitrogen and
promoted further nitriding. Titanium nitride formation during oxidation of -TiAl in air was also
observed by Lang and Schiitze (1996) and Dettenwanger et al. (1998).

Ruthenium (Grytsiv et al., 2004) was also added to TiAl alloys and improved the oxidation resistance
of y-TiAl. This improvement was attributed to the formation of a protective layer of the ternary
compound (G-phase) around the grains of the y-TiAl (Grytsiv et al., 2004). Other alloying elements
such V, W, and Nb were added to TiAl for oxidation resistance improvement (McKee and Huang,
1992; Shida and Anada, 1996; Singheiser et al., 2003; Lee, 2005). The mechanism by which they
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improve oxidation resistance was different from that observed in y-TiAl with silver and ruthenium
additions. The addition of V and W was beneficial to the oxidation behaviour at 982°C by tying up

oxygen vacancies (Kekare and Astwith, 1997).

In this work, after 120 hours at 950°C in air, Ru-alloyed y-TiAl showed a layer of TiO; on the
surface, followed by a thick layer of mixed Al,O;+TiO, underneath. Under the oxide layers was a
subscale layer of Z-phase, which is known to stabilise Al.O; (Coppland et al., 1999). This was
supported by more Al,O; than TiO; in the mixed layer. However, the progressive formation and
growth of TiO; is believed to be the result of nitrogen in the air which prevented the formation of
continuous Al,Os, even though ruthenium stabilised the Z-phase (Rakowski et al., 1995; Shemet et
al., 1997; Lang and Schiitze, 1996). The TiN formed would have decomposed, releasing nitrogen
for further nitriding inward and giving rise to TiO, formation behind the reaction front. This could
also explain the sole presence of TiO, on the surface and its progressive decrease towards the metal
substrate and a dominance of Al,Os near the Z-phase. Ruthenium as an alloying element in the two-
phase y-TiAl (TisAl + TiAl) facilitated the stabilisation of the Z-phase and subsequent promotion
of more protective Al,O; away from the surface.

Platinum- and iridium-alloyed TiAl showed similar oxidation patterns, with alternating oxide layers.
The TiO; layer on the surface was followed by a mixed TiO,+Al,Os layer, which was followed by
an AlLO; layer. The oxidation layer subscale was TisAl in both cases, which indicated the
transformation of the Z-phase and formation of TizAl with high oxygen solubility and promotion
of non-protective TiO, and TiO,+Al,O; layers. The reason for the TiO; layer on the surface is also
believed to be due to the presence of nitrogen in the air. As alloying elements, platinum and iridium
could also stabilise the Z-phase and promote the formation of Al,O; in the early stages of oxidation.
XRD conducted on the oxidation products showed the presence of Allr, in addition to aluminium

and titanium oxides.

Palladium-alloyed TiAl showed a TiO, layer on the surface, followed underneath by a thick layer of
mixed TiO,+Al,Os, a layer consisting of «-Ti(O), TisAl(O) and Pd,Als, with a ternary phase adjacent
to the metal substrate, which had a composition corresponding to t in the Al-Pd-Ti phase diagram

(Raghavan, 2011). The presence of the mixed oxide indicated that there was no protection against

oxidation. The compound Pd,Al; was identified by XRD on the oxidation products of g-TiAl with

143 |Page



Pd. It is important to recognise that for both g-TiAl with Pd and g TiAl with Ir, the Allr and Pd,Al;

compounds were in the oxidation products, while Z-phase was on the substrate.

The major factors affecting the oxidation behaviour of the y-TiAl alloy are composition of the alloy,
atmosphere surrounding the workpiece, oxidation temperature and holding time. In this work, the
base composition of the y-TiAl alloy was Ti-47.5 at.% Al, in the Ti;Al-y-TiAl two-phase region.
Such a composition does not favour the formation of Al.O; because of the presence of TisAl in the
microstructure (Rahmel and Spencer, 1991). Two-phase «. + y-TiAl oxidised between 900°C and
1080°C in air, forming the mixed TiO,+Al,O5 with TiO, as the major component (Takasaki et al.,
1994; Roy et al.,, 1996; Reddy et al.,, 2001). The atmosphere surrounding the workpiece during
oxidation was air, which promoted the formation of TiN in the early stage of oxidation, preventing
the formation of a continuous Al,O; layer on the surface of the alloy (Rakowski et al., 1995; Shemet
et al., 1997; Lang and Schitze, 1996). The oxidation tests were conducted at 950°C, above the
temperature range where the mixed oxide TiO,+Al,Os is protective. The Z-phase was found to be
metastable and decomposed into oxygen-saturated TisAl and Al,Os, on which the exclusive Al,O;
growth could not be sustained (Copland et al., 1999).

During oxidation tests, the y-TiAl alloys showed an increase in oxygen intake with increasing PGM
content, with the highest oxygen intake occurring at 2.0 at.% PGM addition, apart from the value
of the alloy with 1 at.% Ru. The oxidation of 2.0 at.% PGM alloys corresponded to internal
oxidation. However, y-TiAl alloys with 2.0 at.% iridium did not show extensive internal oxidation,
indicating a high oxidation resistance. The high value for the 2 at.% Ru appears anomalous,
although Chaston (1965) reported increasing partial pressure for RuOs; at temperatures above a
1000°C. This should have given high values for the Ru-containing alloys, not just the 1 at.% alloy,
so perhaps the value is anomalous and should be checked. Gamma-TiAl alloys with ruthenium,
palladium and platinum exhibited higher susceptibility to internal oxidation. The oxidation
resistance of y-TiAl alloys is associated with the development of Z-phase beneath the oxidation
subscale which promotes a continuous Al.Os on the surface of the single-phase or y-TiAl alloys.
However, due to the discontinuous distribution of y-TiAl in the two-phase y-TiAl alloys in this

work, a continuous Z-phase was not expected to form and withstand long term oxidation, as
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observed by Copland et al. (1999). During extended exposure to air at 950°C, the Z-phase formed,
was metastable and decomposed to give stable phases according to the following reaction:

3TisAl;O; — 5TisAl + 2Al,0; (Equation 5.3)
This corresponded to a precipitation of oxygen-saturated TisAl and Al.O3, and TisAl then acted as
an oxygen reservoir for aluminium and titanium released from the reaction of TisAlsO, formation:

2Tis25Al7s + 400 — 20TisAlsO, + 5Ti + 35Al (Equation 5.4)
Aluminium and titanium released from the above reaction reacted with oxygen to form Al,Os and
TiO::

Ti +20 — TiO; (Equation 5.5)

2Al + 30 — Al,O4 (Equation 5.6)

The simultaneous formation of TiO, and Al,Os near the Z-phase supported the observation of
mixed Al,O;+TiO; in the oxide layer adjacent either to Z-phase or TizAl, with predominance of
Al;Os. Aluminium oxide could only be in higher amounts than titanium oxide, as it had two sources:
the Al,Os resulting from the precipitation of oxygen-saturated TizAl and the reaction with oxygen
of aluminium released by the formation of the Z-phase in the two-phase region. It is therefore
believed that the effect of PGMs was to react with some of aluminium and titanium released to
increase their content in the Ti-Al-PGM ternary phase (G-phase in the case of Ru-alloyed TiAl
(Khataee et al., 1989a and 1989b), w in the Pt-alloyed TiAl (Raghavan, 2012a) and < in the Pd-
alloyed TiAl (Raghavan, 2012b). The high aluminium content (above 48 at.% Al) observed in the
solid solution of Ti-Al phase with PGMs is due to the fact that in the as-cast condition, these phases

developed in the y-TiAl, a high-aluminium content phase at the expense of titanium.

The Ti-Al-PGM phases containing titanium, aluminium and PGM were more visible in the oxidised
zone, with increased PGM content and did not contain oxygen, indicating that titanium and
aluminium were tied to the PGM in more oxidation resistant phases. These PGM-containing
phases, present in the as-cast microstructure, had either the same PGM content or higher in the

oxide scales.

The analysis of the oxidised zone in internally-oxidised samples of Ru-y-TiAl had

TiAlL+TiO,+Al,Os+(Ru), which was a brittle combination, on the surface and mixed oxides with
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high titanium contents underneath. The following reactions are proposed to explain the presence
of TiAl,, TiO; and Al,O; in the oxidation-affected zone:
ATIAl + 140 — 4TiO, + 2Al,04 (Equation 5.7)
2TisAl + 100 — 5TiO; + TiAl (Equation 5.8)

These reactions indicated that TiAl, was surrounded by mixed TiO,+AlO; resulting from the
reactions (Equations 5.7 and 5 8). The TiAl, was lost by peeling off or during metallographic
preparation, leaving the mixed oxides which were dominant at areas where internal oxidation

occurred.

Plain y-TiAl exposed to oxygen at high temperature forms an Al;O; scale due to the outward
diffusion of aluminium, leaving behind an aluminium-depleted zone. Gamma-TiAl alloys were
oxidised in air, an atmosphere where the Al;O, scale formed on the surface was not expected to be
continuous, due to the presence of nitrogen in air. This facilitated the diffusion of titanium outwards
to form TiO;, resulting in a mixed oxide. Except for y-TiAl-2.0 at.% Ir, addition of 2.0 at.% Pd, Pt
or Ru resulted in high concentrations of the PGM in y-TiAl and during the exposure to oxygen of
the air at 950°C, titanium from the y-TiAl diffused outwards and reacted with oxygen, forming
TiO,. By continuously exposing the PGM-containing y-TiAl alloys to air at 950°C, the titanium
content of y-TiAl significantly decreased. This resulted in formation of TiAls, which is the most
stable titanium aluminide (Gauthier et al., 2003). However, due to the presence of PGMs, there was
formation of extended binary phases, Alzsx(PGM),Tizs, where there was substitution of aluminium
atoms by PGM atoms and the replaced aluminium atoms reacted with oxygen to form Al.Os,
producing mixed oxides throughout the oxidised zone. The formation of such extended binary
phases was clearly observed in y-TiAl alloys with palladium (Table 6.5: Area 6). The relatively low
melting point of palladium (~1550°C) may have played a part. The fact that the palladium atoms
preferentially replaced aluminium atoms in TiAl; was attributable to higher aluminium affinity for
oxygen than palladium (Ellingham, 1944; Marakusheva and Bezmena, 1971).

Summary

1. Platinum group metal additions of 1.0 at.% could not stop oxidation of the TiAl alloys after 120
hours at 950°C. The alloys underwent oxidation, irrespective of the PGM used, with different

oxidation patterns and to different extents.
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2. The microstructure of the oxidised alloys with 1 at.% PGMs had a very brittle oxidation-
affected zone, consisting of many layers which included an external layer of TiO,, followed
underneath by a layer of mixed Al,O; + TiO.. In some cases, a layer of alumina formed above
the mixed oxides. The layer under the oxide scale, adjacent to the alloy substrate, was TisAl;O;
in the Ru-alloyed y-TiAl or TisAl in the Pt- and Ir-alloyed y-TiAl with dissolved PGMs. In Pd-
alloyed y-TiAl, a substituted binary phase TixsAls«Pdy ie. Ti(Al,Pd); was observed between a
high-titanium content layer and the metal substrate.

3. The oxide scale in Ru-, Ir- and Pt-alloyed y-TiAl was continuous, non-porous and without
cracks. In the Pd-alloyed y-TiAl, the oxide scales were porous and had cracks.

4. Thermogravimetric analyses and isothermal oxidation tests both showed that the oxidation
resistance of y-TiAl alloys could be improved with PGM additions below 1 at.%. Platinum
group metal additions >1 at.% were deleterious to the oxidation resistance, allowing extensive
internal oxidation.

5. During oxidation, the substituted binary phases appeared to remain undisturbed in the oxidised
region and were easily removed during metallographic preparation, leaving behind isolated
lamellar grains deprived of y phase.
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7.2

CHAPTER 7
MECHANICAL ALLOYING AND CONSOLIDATION BY
SPARK PLASMA SINTERING

Introduction

Bulk y-TiAl was produced by melting commercially pure aluminium and titanium with additions of
targeted amount of PGMs and characterised. This chapter reports and discusses the characterisation
of y-TiAl powder produced by milling together titanium hydride and aluminium of commercial
purity with additions of 0.5 at.% platinum group metals (PGMs).

Powder characterisation of mechanically alloyed powders

7.2.1  Apparent density, particle size distribution and particle morphology

The apparent density of powder was about 1.06 g/cm?, which was very low compared to the density
of the bulk titanium aluminide (~4.0 g/cm?®) Low apparent densities are known to occur in powder
with a very narrow size distribution, and high densities in powder with wide size distribution or a
bimodal distribution (Sanchez et al., 2003). For the different MA powders, the size distribution
parameters of 5 measurements are given in Table 7.1 and the particle size distribution curves (1SO
13320) are given in Figures 7.1 to 7.4. With agglomeration of fine particles in big particles occurring,

the particle size distribution was mono-, bi- and trimodal.

Table 7.1. Statistical parameters of the particle size distribution in different MA powders.

Statistical parameters Powder

y-TiAI-0.5Pd | y-TiAI-0.5Pt | y-TiAI-0.51r | y-TiAl-0.5Ru
D[4,3], um 97.9+6.50 17.12+0.06 27.82+0.47 12.98+0.05
D[3,2], um 8.9+0.14 5.50+0.01 5.87+0.02 3.45+0.01
do,um 3.16+0.03 2.16+0.002 2.09+0.02 1.34+0.01
Oso, M 28.53+0.93 12.00+0.05 16.72+0.23 9.01+0.04
oo, M 344.40+28 40.00+0.11 71.96+1.40 30.95+0.13
Specific surface area, m%/g | 0.676+0.001 1.094+0.002 1.022+0.004 1.730+0.002

Where:
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§8 DI4,3]: Volume moment mean or De Brouckere Mean Diameter reflects the size of those
particles which constitute the bulk of the sample volume. It is most sensitive to the presence
of large particulates in the size distribution

§ DJ3,2]: Sauter mean diameter, defined as the diameter of a sphere which has the same
volume/surface area ratio as a particle of interest.

§8 dio: 10 wt% of the particles are smaller than di and 90 wt% are larger than da.

§ dso: Median diameter or medium value of particle diameter is a particle diameter or size
value in case where a cumulative distribution percentage reaches 50%. 50 wt% of the
particles are smaller than ds, and 50 wt% are larger than ds.

8 doo: 90 wit% of the particles are smaller than de and 10 wt% are larger than dgo.

The larger errors observed on the D[4,3] and d90 are due to agglomeration which gives particles of

widely varying sizes.
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Figure 7.1. Bimodal particle size distribution of MA powder »~TiAl-0.5 at.% Ru.
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Figure 7.2. Bimodal particle size distribution of MA powder ;-TiAl-0.5 at.% Pt.
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Figure 7.3. Trimodal particle size distribution of MA powder TiAl-0.5 at.% Pd.
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Figure 7.4. Slightly bimodal particle size distribution of MA powder TiAl-0.5 at.% Ir.

The shapes of curves indicated the trend of the particle size in the powders. The four powders
showed a trend toward a bimodal or even multimodal distribution, due to the agglomeration of fine

particles.

Three of the four powders gave very high specific surface areas, indicating the presence of more
fine particles. The TiAl-0.5 at.% Pd powder showed the highest peak for coarse particles, indicating
a large amount of agglomeration, because of its high ductility compared to the other PGMs added.
With three peaks, this powder showed agglomeration around these particle sizes. The agglomeration
effect was confirmed by the high value of the De Brouckere Mean Diameter and the low value of
the specific surface area in the powder. This happened because the milling parameters were kept
the same for all the powders. The iridium-containing powder gave a distribution which was less

bimodal than the other powders.

The typical morphology of particles found in the four powders is shown in Figure 7.5. These
micrographs indicate that the powders consisted of very fine particles of mostly rounded irregular
shape. Angular shapes were also visible. Many individual particles were smaller than 1 um. In the
midst of the fine particles were large particles with sizes varying from 50 to 500 pm (Figure 7.5a).
The large particles were agglomerates of fine particles, as shown by the microstructure in Figure
7.5b.
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Figure 7.5. Typical SEM-BSE micrographs of MA powder TiAl-0.5at.% Ru.

7.2.2 Phase identification

Phases formed during mechanical alloying and heat treatment of mechanically alloyed (MA)
powders were determined by a combination of XRD and EDX analyses. The results of XRD
analyses are presented in Figure 7.6 to 7.13.

In all cases, before heat-treatment, the as-mechanically alloyed powders showed XRD patterns with
expected broad peaks, indicative of small crystallites in the powder particles and possible tendency
to amorphisation, as a result of the milling. The formation of the target alloy was difficult to observe
as it was difficult to identify with accuracy any expected phases and other phases formed during
milling. Overall, after milling, the phases present were TiH,, PGMs and (Al). Aluminium and TiH.
peaks were broadened.

After heat treatment at 600°C for 2 hours and furnace cooling, the XRD pattern of the TiAl-0.5
at.% Ru powder (Figure 7.7) showed TiAl and TiAl; which were absent in the powder XRD pattern
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before heat treatment. The temperature of 600°C and two hour holding time were chosen because
they correspond to the complete dissociation of TiH, in Ti and gaseous hydrogen (Sandim et al.,
2005; Rasooli ¢t al., 2013).

The XRD pattern of heat-treated MA powder did not show any peak of ruthenium, indicating that
the dissolution, started during milling, was completed with heat treatment. Broadened titanium
peaks were visible on the patterns, indicating that Ti had aluminium in solid solution. This also
suggested that the heat treatment resulted in the decomposition of residual TiH, into Ti and Hx,
which would have been given off.

Carbon was expected to also be present in the powder, and was confirmed by EDX analyses of the
powders after heat treatment (Table 7.2). Carbon had to be present as a result of contamination by
the carbon of the stearic acid which was used as the process control agent (PCA). Stearic acid is a
fatty acid with an 18 carbon chain, whose molecular formula is C1sHzsO, and the structural formula
is CH3(CH,)1sCOOH. The contamination by the PCA was inevitable, as milling could not be
conducted without it. During milling, there was decomposition of stearic acid, resulting in carbon
and oxygen being in the powder. Part of oxygen is also believed to have derived from air during
powder handling.

EDX also showed the presence of Fe, Cr, and Ni in the powder, even though no peaks of phases
containing those elements were visible on the XRD patterns. This was an indication that these
elements were in solid solution, both in the as-mechanically alloyed and the heat treated powders.
Iron, chromium and nickel originated from the grinding media used in the milling process. The
grinding balls were made of nickel-chromium stainless steel and so contamination with Fe, Cr and
Ni could be expected (Suryanarayana, 2004). The contamination by Fe, Cr and Ni of the grinding
ball was inevitable and could only be prevented by using other type of grinding balls such as alumina
ceramic balls. This could not be done as it was not in the scope of this work.

The XRD patterns of the MA y-TiAl with additions of 0.5 at.% Pt, Pd and Ir were similar to the
patterns of TiAl-0.5 at.% Ru powder after milling, and showed broadened TiH,, Al and PGM peaks
after milling (Figures 7.8 to 7.13), indicating that the crystal sizes decreased towards amorphisation
and the processes of TiH, decomposition and aluminium-titanium diffusion were not completed

after 30 hours of milling. After heat treatment, they showed Ti peaks and one of the peaks from
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TiAl, TizAl or TiAls (Figures 7.7, 7.9, 7.11 and 7.13). The presence of Ti after heat treatment was a
confirmation that the TiH, observed in the powder obtained from milling decomposed during heat
treatment, released H. and gave Ti, which then dissolved aluminium to form (Ti). Studies on the
kinetics of the thermal decomposition of titanium hydride powder have shown that above 500°C,
the decomposition of TiH. is completed in times shorter than 50 minutes (Sandim et al., 2005;
Rasooli et al., 2013). In this work, TiH, was heat-treated at 600°C for 2 hours. The absence of
aluminium peaks in the XRD patterns after heat treatment was an indication that, at that stage, all

aluminium was now bound in TiAl, TisAl or TiAl; compounds or dissolved in titanium.

The presence of TiAl and TisAl in the heat treated powders is in agreement with Neves et al. (2003)
and Shao et al. (2015) who found TisAl and TiAl and unreacted Ti, after heating the mechanically
alloyed powder for 2 hours at 750°C for 2 hours. Even though carbon was present in the EDX
results (Table 7.2), no carbon-containing phase was visible on the XRD patterns, suggesting that,
in each case, carbon was in solid solution. The XRD would only detect free carbon or a carbide if

it was present in at least 4 Vol.%. This was not the case in this work.
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Figure 7.6. XRD pattern of mechanically alloyed TiAl-0.5 at.% Ru powder showing (Ru), (Al) and TiH,
peaks.
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Figure 7.7. XRD pattern of TiAl-0.5 at.% Ru powder after heat treatment at 600°C for 2 hours showing TiAl,
TiAls, and (Ti) peaks.

155|Page



Table 7.2. EDX results of the MA and heat treated (HT) powders.

MA Powder PGM Composition (at.%)

Ti Al PGM Fe C Cr Ni o)
y-TiAI-0.5 at.% Ru MA AU 52.8+45 | 40.3+4.0 | 05+0.1 |3.7+06 | 0.7+05 | 1.1+0.1 | 0.9+0.1 | 0.2+0.1
y-TiAI-0.5 at.% Ru HT 51.2+3.9 |416+14 [05+0.0 |[3.6+0.2 | 1.5+0.5 | 1.0+0.3 | 0.6+0.1 -
y-TiAI-0.5 at.% Ir MA i 527435 | 40.7+2.5 | 05+0.1 |3.2+0.1 | 1.4+0.3 | 0.94+0.1 | 0.6+0.1 ]
v-TiAI-0.5 at.% Ir HT 532425 | 40.4+3.2 | 0.6+0.1 |3.5+0.3 | 0.940.7 | 0.9+0.2 | 0.6+0.1 ]
y-TiAI-0.5 at.% Pd MA o 525+3.1 | 41.9+1.8 | 05+0.1 |2.1+05 | 1.1+0.7 | 1.0+0.4 | 0.6+0.2 | 0.5+0.1
y-TiAI-0.5 at.% Pd HT 52.142.7 | 42.0+0.7 | 0.6+0.2 | 2.3+0.3 | 1.6+0.4 | 0.8+0.2 | 0.4+0.1 | 0.3+0.2
y-TIAI-0.5 at.% Pt MA ot 50.2+2.4 | 43.3+3.7 | 0.7+£0.2 | 3.1+05 | 1.6+0.4 | 0.6+0.1 | 0.6+0.2 ]
y-TIAI-0.5 at.% Pt HT 51.0+2.6 | 42.3+2.4 | 0.6+0.2 |3.6+0.3 | 1.3+0.5 | 0.8+0.3 | 0.5+0.1 ]
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Figure 7.8. XRD pattern of mechanically alloyed TiAl-0.5 at.% Pt powder showing (Pt), (Al) and TiH,
peaks.
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Figure 7.9. XRD pattern of TiAl-0.5 at.% Pt powder after heat treatment at 600°C for 2 hours showing
TiAl, TisAl, TisAl, and (Ti) peaks.
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Figure 7.10. XRD pattern of mechanically alloyed TiAI-0.5 at.% Pd powder showing (Pd), (Al) and
TiH: peaks.
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Figure 7.11. XRD pattern of TiAI-0.5 at.% Pd powder after heat treatment at 600°C for 2 hours showing
TiAl, TisAl, TiAl; and (Ti) peaks.
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Figure 7.12. XRD pattern of mechanically alloyed TiAI-0.5 at.% Ir powder showing (Al), (Ir) and TiH,
peaks.
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Figure 7.13. XRD pattern of TiAl-0.5 at.% Ir powder after heat treatment at 600°C for 2 hours showing
TiAl, TisAl, TiAl; and (Ti) peaks.

7.3 Transformations upon heating and high-temperature oxidation behaviour

Transformations upon heating and high-temperature oxidation of the powders were examined
by simultaneous differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).
Figures 7.14 and 7.15 show the DSC and TGA curves of TiAl-0.5Ru (y-TiAl-0.5 at.% Ru), TiAl-
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0.51r (y-TiAlI-0.5 at.% Ir), TiAI-0.5Pd (y-TiAl-0.5 at.% Pd) and TiAl-0.5Pt (y-TiAl-0.5 at.% Pt)
powders milled for 30 hours. These DSC curves showed narrow exothermic peaks in the
temperature range 280-300°C (Figure 14). These peaks corresponded to the decomposition of
the stearic acid (Jaw et al., 2001) used as PCA. The stearic acid decomposition was illustrated by
slight mass losses observed on the TGA curve (Figure 7.15). Except for y-TiAl-0.5 at.% Ir, the
endothermic peaks for y-TiAl with Pd, Pt and Ru were sharp and high.

Noticeable mass increase during aluminium oxidation started at ~300°C, corresponding to the
exothermic peaks observed in Figure 7.14. This oxygen intake occurred in stressed powder
particles. The powders under DSC analysis came from a mechanical alloying process, which
imparted extensive deformation to the particles and initiated amorphisation. The heat input
resulted in material relaxation, which explained the weak endothermic peaks observed between
310°C and 330°C.

As the temperature increased, each powder showed two broad exothermic peaks in the range
of 550-600°C and 870-900°C. The exothermic reactions at 550-630°C were the decomposition
of residual TiH,, oxidation of some Ti resulting from the decomposition and the formation of
TiAls, TiAl, TizAl from (Al). This was consistent with the XRD results which showed the
presence of these three phases after heat treatment of the powders at 600°C for 2 hours and
were thought to have formed during heating of the powders. These exothermic peaks at 550-
600°C also explained the absence of the endothermic peaks corresponding to the melting of
aluminium between 650-700°C because Al was already bound in TiAl;, TiAl and TisAl or as
Al,O;. The exothermic peak observed in the 750-950°C range corresponded to the oxidation of
TiAl, TisAl and TiAls phases.

The y-TiAI-0.5 at.% Ir showed another behaviour. First, it showed a shorter exothermic peak
than other alloys in the temperature range 280-300°C and the occurrence of other peaks with
increasing temperature was delayed and peaks were observed at slightly higher temperatures
than for other alloys. It also showed an endothermic peak between 650°C and 700°C, which
could be attributed to the melting of some residual aluminium. When the formation of a new
compound takes place from mechanically alloyed powder during heating ina DTA or DSC cell,
the heat released gives rise to an exothermic peak (L0 and Lai, 1998; Suryanarayana, 2004).

Figure 7.15 is TGA curve shows the mass changes that occurred with increasing temperature.

As a general trend, the TGA graphs first showed mass losses, between 100°C and 300°C,

159|Page



7.4

followed by mass increase for all samples up to 1050°C, when each run was stopped. This mass

increase was due to a continuous oxidation of aluminium and titanium by the oxygen of the air.
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Figure 7.14. DSC curves for y-TiAl-0.5 at.% PGM powders milled for 30 hours.
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Figure 7.15. TGA curves for y-TiAl-0.5 at.% PGM powders milled for 30 hours.

Consolidation by spark plasma sintering (SPS)

After consolidation by spark plasma sintering, PGM-containing powder compacts showed a

different microstructure and free elements which would be absent if the y-TiAl alloys were cast.
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These new features were expected to result in unpredictable behaviour of the alloys which could

be beneficial or detrimental to the intended target use.

Microstructure

A typical microstructure of a compact obtained from the simultaneous plasma heating and
pressing of mechanically alloyed powder is shown in Figure 7.16. The EDX analyses (Table 7.3)
show that the compact microstructures contained «, y phase, with dissolved C in y and «, and
Al,Os, with PGM addition (except Ir) Fe, Niand Cr in solid solution, even though the sizes of

the different phases were too small to analyse accurately, as shown by the higher errors.

The microstructures of the spark-plasma sintered compacts were all similar, except that y-TiAl-
0.5 at.% Ir showed limited iridium dissolution (Figure 7.17), with lighter particles containing Ir
in a two-, or three-phase matrix with no Ir. The EDX analyses (Table 7.3) showed that the
lightest particles (Area 4 in Figure 7.17) comprised Al (43.3+5.3 at.%), Ti (30.2+4.9 at.%),
Ir(24.4+2.4 at.%), which is outside the partial Al-Ir-Ti isothermal section at 1650°C in Figure
2.9 (Raghavan, 2008). The sample were made at 1100°C, which not the same temperature as the
isothermal section. The light particle also appeared to be two phase, which further make their
identification difficult. However, due to the small size (the coarsest shown in Figure 7.17 was
~4 um across) of the phases, there would have been some matrix pick-up during EDX analyses.
Apart from the presence of these very light and coarse phases (Area 4 in Figure 7.17) in the
matrix of y-TiAl with iridium, the matrices were all similar and showed three areas, denoted on
the micrographs as 1, 2 and 3 (Figures 7.16 and 7.17). These areas were impossible to analyse
accurately because the different regions were well below 2 pm across, and resulted in very
inaccurate analyses. Thus, the results presented here are just indicative. In y-TiAl-0.5 at.% Pd,
y-TiAI-0.5 at.% Pt and y-TiAl-0.5 at.% Ru, Area 1 was a phase of high aluminium content,
indicating y-TiAl and Area 2 was a region of high titanium content, which showed one phase,
a2 (Table 7.3). One would have expected to have the alternating lamellae (c2+y) at these
compositions, but the spark plasma sintered compacts showed «.. This indicated that the
presence of «, phase extended to high aluminium content and lamellae did not develop. Some
black, cuboid phases were distributed in the matrix, with an average size of <1 pm across (Area
3in Figures 7.16 and 7.17), and EDX results indicated much higher oxygen, although they were

not determined.

It could be anticipated that the behaviour of the compacts would be different from the cast v-
TiAl alloys due to the presence of the unexpected Fe, Ni, Cr and C contamination (Table 7.3).
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Iron, nickel and chromium came from the grinding balls, which consisted of steel containing Cr
and Ni used in the mechanical alloying. Carbon came mainly from the stearic acid used as the
PCA during mechanical alloying, as well as the carbon sleeves of the sintering furnace.

Tpm Mag = 2500 KX Signal A = MTS BED Dube. 20 Apr 3018
WD = B e T = 0800 Tirre 15 2633

Figure 7.16. SEM-BSE image of spark plasma-sintered »~TiAl-0.5 at.% Pt powders showing the three
different phases.
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Figure 7.17. SEM-SE image of the spark plasma-sintered ;- TiAl-0.5 at.% Ir powders showing the
iridium solid solution.

7.4.2 Hardness

The hardness of the spark plasma sintered compacts is shown in Table 7.4, and the range was
the same for the four alloys, with values almost three times the hardness of the cast alloys (~840
HV:s). The significant increase in hardness is believed to come from solid solution hardening
due to the elements in solid solution (Fe, Cr, Ni and C) and the fine distribution of phases.
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Table 7.3. EDX analyses of »~TiAl-0.5 at.%Pd, )~TiAl-0.5 at.%Ir and »-TiAl-0.5 at.%Pt SPS

compacts.

Alloy Elements

y-TiAl-0.5 at.% Area 1 Area 2

Pd C 0.2+0.1 0.7+0.2
) 0 0
Al 48.0+5.3 43.3+4.6
Ti 44749 46.5+5.7
Cr 1.2+1.0 1.7+14
Fe 4.6%2.2 6.3+4.7
Ni 0.6+05 0.9+0.7
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Pd 0.7+04 0.6+0.3 -

Total 100 100 -

Phases Y o2 -
y-TiAl-0.5 at.% Ir Area 1 Area 2 Area 4

C 0.7+0.8 0.5+0.3 0.4+0.2

) 0 0 0

Al 48.8+1.7 45.1+3.3 43.3+5.3

Ti 455+2.1 50.2+4.5 30.2+4.9

Cr 0.6+0.1 0.6+0.2 0

Fe 4.0+0.3 3.3%1.9 1.7+2.2

Ni 0.4+0.03 0.3+0.1 0

Ir 0 0 24.4%2.4

Total 100 100 100

Phases Y ) (Ir)
y-TiAl-0.5 at.% Pt Area 1 Area 2 -

C 0.4+0.2 0.5+0.3 -

O) 0 0 -

Al 47.0+4.3 45.1+3.6 -

Ti 45.4+34 49.3+4.5 -

Cr 1.3+0.8 0.7+0.2 -

Fe 4.8+2.5 35+2.1 -

Ni 0.5+0.3 0.4+0.1 -

Pt 0.6+0.2 0.5+0.3 -

Total 100 100 -

Phases v o -
y-TiAl-0.5 at.% Area 1 Area 2
Ru C 0.8+0.1 0.7+0.3 -

O - - -

Al 45.8+0.7 43.4+0.9 -

Ru 3.3+05 1.6+0.7 -

Ti 38.3%1.2 48.1+15 -

Cr 2.3+0.3 1.2+0.3 -

Fe 9.4+0.38 45+1.0 -

Ni - 0.5+0.2 -

Total 100 100 -

Phase Y o0 -

Table 7.4. Vickers hardness of compacts obtained by SPS.

Vickers hardness with 5 kg load

Alloy TiAl-0.5 at.% Ru | TiAl-0.5at.% Pd | TiAl-0.5at.%Pt | TiAl-0.5 at.% Ir
HV5 837+15 84614 834+14 837+13
Discussion

The apparent density of the mechanically alloyed y-TiAl powders was about 1.06 g/cm?®. The
density of the cast y-TiAl was ~4.5 g/cm?® and the density of the spark plasma sintered compacts
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was ~4.2 g/cm?. The four y-TiAl powders showed a trend toward a bimodal or even multimodal

distribution, due to the agglomeration of fine particles.

The powders consisted of very fine particles of rounded irregular and angular morphology.
Many individual particles were smaller than 1 um. In the midst of the fine particles were large
particles with sizes varying from 50 to 500 um, as a result of high agglomeration. Particle
agglomeration can occur after the size particle decreases, because of the increase of the surface
area and energy, and subsequent increased reactivity between particles. Attraction between
powder particles occurs when the sum of separation forces in the system is smaller than the

attraction forces between the adhering particles (Pietsch, 2004).

The y and o, phases were observed only after heat treatment, showing that both milling and
heat treatment were necessary to form the phases. The Al peaks also broadened and shifted
slightly towards smaller 20 angles on the XRD pattern. The breaking of powder particles to very
fine size during milling would cause broadening, but the shift was due to alloying. The
broadening of TiH; peaks was also from particle size reduction to the nano-size during milling.
TiH is a very brittle material and readily broke during milling. Reaction of aluminium to form
new phases only took place during heat treatment. The heat treatment was conducted at 600°C,
a temperature where Al atoms actively diffuse. The appearance of TiAl, TisAl and TiAl; peaks
on the XRD patterns of the heat-treated powders was due to the diffusion and reaction of
aluminium. All PGMs (Ir, Ru, Pd and Pt) disappeared in (Ti), (TizAl), (TiAl), and (TiAls) solid

solutions after heat treatment.

Carbon was expected to also be present in the powder as a result of contamination by the stearic
acid (CisH360:) which was used as the process control agent (PCA). The contamination by the
PCA was inevitable, as milling could not be conducted without PCA, and it was difficult to
remove. During milling, there was decomposition of stearic acid resulting in carbon and oxygen
being in the powder. Part of oxygen is also believed to have derived from air during powder

handling.

Iron, chromium and nickel were present in the powder in solid solution, both in the
mechanically alloyed and the heat treated powders. These elements originated from the grinding
media used in milling, because the grinding balls were made of nickel-chromium stainless steel

and so contamination with Fe, Cr and Ni occurred.

When the powders were heated in air, oxidation occurred as a result of aluminium and titanium

reaction with oxygen of the air. Reactions started by a mass loss from the hydrogen release of
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residual TiH,, which was followed by a continuous oxidation of the powder expressed by a
continuous mass increase up to the test end.

The compacts obtained by spark plasma sintering showed different hardnesses and
microstructures from cast alloys and lower densities than cast y-TiAl alloys. The hardness of the
spark-plasma sintered compacts was higher than the hardness of the cast alloys. This sharp
increase in hardness was due to the change in microstructure.

Instead of the lamellar and -TiAl grains of the cast y-TiAl alloys, a homogeneous lamellar-free
microstructure consisting of «, and y-TiAl phases, Al,Os;, PGMs (except Ir), Fe, Ni and Cr
dissolved in y-TiAl and TisAl. There was no TiAls. The formation of carbides was unlikely,
probably because of the low carbon content. The solubility limits are around 1 at.% C for o,
and y, which are higher than the value in Table 7.3, indicating that C was dissolved in these
solids. Precipitates such as TisAIC and Ti.AlC and TisAlC; can only exist at high temperature
(Tian and Nemoto, 1999). They could form during spark plasma sintering which was carried
out at 1200°C, especially given that there are phase fields of Ti,AIC+TiAl+Ti,Al and
Ti,AlIC+Ti;AIC+Ti;Al in the isothermal sections of the Ti-Al-C system at 1000°C, 1100°C and
1300°C (Cam et al., 1991; Okamoto, 1992; Bandyopadhyay et al., 2000; Riaz et al., 2000; Hayes et
al., 2009).

Ti&L

Figure 7.18. Isothermal section of Ti-Al-C system at 1000°C (Bandyopadhyay et al., 2000).
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Figure 7.20. Isothermal section of Ti-Al-C system at 1300°C (Bandyopadhyay et al., 2000).
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CHAPTER 8
COLD SPRAY COATING

8.1 Process optimisation

The first step of the coating procedure was using the optimized parameters (Hussain, 2012;
Jeandin et al., 2013; King et al., 2013; Mordi et al., 2014) of the spray process, which included the
temperature (T), pressure (P), powder feed rate (F) and gun nozzle-substrate inter-distance (d).
In Table 8.1, P, F, and d were kept constant with a varying temperature. The substrates were
Titanium Grade 2 and Ti-6Al-4V of mass m; before coating and mass m, after coating and mass
change was Am and, where Am = (m,-m,), and Am %= [(m,-m;)/m;] x 100. Although the
results of TGA showed mass decrease up to 1.0 at.% Pt addition and up to 1,5 at.% Pd and 1.5
at.% Ir additions, the corrosion results showed that 1.0 at.% PGM additions or more was not
beneficial. On that basis, and trying to minimise the amount of PGM added, an addition of 0.5
at.% PGM was chosen, also without introducing the more PGM-rich phases, which were
deleterious. Thus, the coating materials were y-TiAl a with 0.5 at.% PGM (Pt, Pd, Ru and Ir)
additions.

The temperature and the feeding rate were optimised. Several runs with the conditions in Table
8.1 were conducted for temperature optimisation. In Table 8.2, T, P and d were kept constant
with a varying feed rate. Tables 8.1 to 8.5 show the results of optimisation tests, run to determine
the optimal conditions for coatings. These results showed that the optimal parameters for
coating operations were:

Temperature, T =550 °C

Pressure, P = 145 bars

Working distance (distance between the gun nozzle and the substrate), d = 10 mm
Feed rate, f = 20.

Table 8.1. Coating parameters for Titanium Grade 2 substrate with 3-TiAl with 0.5 at.% Pt powder.

Run T (°C) P (bars) | Feed d(mm) [ m;(g) m. (g) Am (%)
number rate,

1-1 450 145 10 10 6.675 6.685 0.15
1-2 500 145 10 10 6.672 6.700 0.12
1-3 550 145 10 10 6.679 6.689 0.15
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Table 8.2. Coating parameters for titanium Grade 2 substrate with »~TiAl with 0.5 at.% Ru powder.

Run T (°C) P (bars) | Feed d(mm) | m(g) m; (q) Am (%)

number rate

2-1 550 145 10 10 6.733 6.739 0.09

2-2 550 145 20 10 6.776 6.790 0.20

2-3 550 145 40 10 6.614 6.629 0.23
Table 8.3. Coating parameters for titanium Grade 2 substrate with 3-TiAl with 0.5 at.% Ir powder.

Run T (°C) P (bars) | Feed d(mm) | m.(g) m2 (g) Am (%)

number rate

3-1 550 145 10 10 14,032 14,072 0.29

32 550 145 20 10 14,035 14.090 0.39

3.2 550 145 40 10 14.043 14.078 0.25
Table 8.4. Coating parameters for Ti-6Al-4V substrate with p-TiAl with 0.5 at.% Ir powder.

Run T (°C) P (bars) | Feedrate, | d (mm) | m;(Q) m. (g) Am (%)

number

4-1 550 145 10 10 5171 5.188 0.32

4-2 550 145 20 10 5. 376 5.401 0.47

4.3 550 145 40 10 5.394 5414 0.37
Table 8.5. Coating parameters for Ti-6Al-4V substrate with p-TiAl with 0.5 at.% Ir powder.

Run T(°C) | P(bars) | Feedrate, | d(mm) | m;(9) m; (9) Am (%)

number

5-1 550 145 20 10 5.522 5.538 0.29

5-2 550 145 20 10 4.925 4,947 0.45

5.3 550 145 20 10 5.573 5.591 0.32

8.2  Surface preparation

Surface preparation for coating was performed using alumina blasting. As surface preparation
techniques for cold spraying, silica or alumina blasting are more efficient than chemical
techniques (Jeandin et al., 2013; Mordi et al., 2014 ), not only because they break and remove the
fine oxide layer but they also create on the substrate surface the irregularities needed for good
adhesion of the coating powder particles. Surface preparation by alumina blasting was the only
standard technique available for cold spraying.

8.3  Characterisation of the substrates and coatings
8.3.1 Chemical composition and hardness of the substrates

Two substrates were chosen for the coating with MA y-TiAl, commercially pure Titanium Grade
2, referred to in this work as Titanium Grade 2 and Ti-6Al-4V. As per ASTM specification
(ASTM B265-13ael, 2013), the standard Titanium Grade 2 composition is shown in Table 8.6.
The Vickers hardness of Titanium Grade 2 is about 200 HV1, when as-cast, and 145 HV1, when
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annealed. In this work, the hardness of the Titanium Grade 2 was 222+5HV1,. The Titanium
Grade 2 substrate was cast and rolled (rolled coupon). Tables 8.6 and 8.7 indicate that the
itanium Grade 2 in this work had lower impurities than the standard Titanium Grade 2, and that
the Ti-6Al-4V was within the specifications of the standard materials. Table 8.7 gives the
composition of Ti-6Al-4V as provided by Carpenter and Arcam, ASM specification and this
work (AAS).

Table 8.6. Standard composition of Titanium Grade 2.

Titanium grade 2 composition (wt%)
Element ASTM standard composition AAS obtained composition
Ti 99.2 99.5+0.01
C <0.1 0.01+0.005
Fe <03 0.09+0.01
H <0.015 -
N <0.03 -
®) <0.25 -

Table 8.7. Composition of Ti-6Al-4V.

Ti-6Al-4V composition (wt%)

Elements | Carpenter, Arcam (2016) | ASTM stand. composition ASS composition
Ti 88.75-91.0 90.0 90.10
Al 5.50-6.75 6.0 6.05
\% 3.50-4.50 4.0 3.56
C 0.10 - -
Fe 0.40 0.25 0.14
H 0.015 - <0.20
N 0.05 - <0.03
O 0.020 0.2 <0.25

Others 0.040 - <0.30

8.3.2 Microstructure of the substrate
8.3.2.1 Ti-6Al-4V alloy

Phases reported in the Ti-6Al-4V microstructure include « matrix, usually dark in contrast, and
B phase, bright contrast, distributed in the matrix. Typical microstructures of annealed Ti-6Al-
4V are shown in Figure 8.3 (Andrade et al., 2010; Moskalewicz et al., 2010).
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Figure 8.1. SEM-BSE images of Ti-6Al-4V: (a) annealed at 800°C for two hours (Andrade et al., 2010)
and (b) hot rolled and annealed 750°C for 2 hours (Moskalewicz et al., 2010).

The microstructure of the Ti-6Al-4V substrate used in this work is shown in Figure 8.4. It
consisted of a matrix of primary « phase (dark) with the g phase, bright and alingned in the
matrix, typical of hot rolled and annealed alloys. The substrate was cut from a metal sheet, which
went through a process of hot rolling and annealing. The overall composition of the substrate
in Table 8.9 was 90.5+0.3 Ti-5.8+0.2 Al-3.7 V (wt%), typical of the Ti-6Al-4V alloy (Table 8.9:
Area 1). The bright phase (Figure 8.4: Area 2) was too small to analyse by itself, and the result
in Table 8.9 gives more Ti and Al from the surrounding matrix. The actual composition should
be extrapolated away from the matrix. The contrast difference in areas 1 (dark matrix) and 2
(bright) was due to the V content, which was assumed to have been higher in area 2 than in area
1. Based on the BSE imaging mode, Area 2 with more V (heavier metal) and less Al (lighter
metal) was expected to have a bright contrast, and the matrix (Area 1) with more aluminium
and less V than Area 2 had a dark contrast. The hardness was 378+10 HV:.
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Figure 8.2. BSE image of the Ti-6Al-4\V microstructure.

Table 8.8. EDX analyses of Ti-6Al-4V substrate.

Area Contrast Phases Composition (at.%)

Ti Al V
Overall - at+B 86.8+0.5 99+0.3 33+02
1 Matrix o 872+0.3 102+0.1 25+03
2 Bright B 809+19 72+04 119+23

8.3.3  Coating microstructure

The microstructure of the coating substrate and coating is shown in Figure 8.5 for titanium
Grade 2 and Figure 8.6 for Ti-6Al-4V. The thickness of the coating was not constant. Ten
measurements at different positions gave an average thickness of 19.1+7.4 um. The large errors
on thickness were due to process control issues. The adherence of successive coating layers
onto the layer adjacent to the substrate was very difficult, resulting in material loss and high
variation in coating thickness.

A typical microstructure of the the coating is shown in Figure 8.7, which is a higher
magnification image of an area of the coating in Figure 8.6, showing the different phases. The
results of EDX analyses of the coating are shown in Table 8.10. Similar microstructures were
found for Pd-, Pt- and Ru-alloyed y-TiAl coatings and are shown in Figure 8.8. Overall, the
microstructures consisted of y-TiAl, Al,Os;, PGM particles with Al and Ti in solid solution, (Ti)
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and (Al). This micrograph shows that regardless of the powder used, and apart from the PGM-

containing phase, all phases mentioned above were present.
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Figure 8.3. SEM-BSE 'image of the titanium Grade 2 substrate and the iridium-allbyéd coaﬂhg.
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Figure 8.4. SEM-BSE image of the titanium Grade 2 substrate and the iridium-alloyed coating.
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Table 8.9. EDX analyses of the titanium Grade 2 coating layer with Ir.

ZEIX% ‘

Figure 8.5. SEM-BSE image of the iridium-alloyed coating on titanium Grade 2 showing the different
phases in Table 8.10.

Area Element content (at.%) Phases
O Al Ti Fe Cr Ir
Overall | 257450 | 425+8.3 | 30.6+8.9 0.6+0.2 | 0.13+0.05 | 0.5+0.2 y-TiAl + Alb,Os
1 6.5+1.2 | 33.0+11 | 0.6+0.1 - - - Al,O3
2 5.5+0.2 47402 6.5+0.3 - - 83.3+4.2 Ir (Al Ti)
3 31.6£1.7 | 346+25 | 33.1+20 | 0601 - - y-TiAl + AlbO3
4 9.3+16 | 88.6+23 | 1.8+10 0.3+0.1 - - Al + Al,Og3
5 - - 100 - - - (Ti)
6 - - - - - - Pores

8.3.3.1 Titanium Grade 2

The microstructure of the titanium Grade 2 substrate is shown in Figures 8.1 and 8.2. It

consisted of a matrix of primary « phase (grey) with TiH, phase (dark) evenly distributed in the

matrix. At high magnification in Figure 8.2, additional phases were visible (bright phase). The

chemical composition of the different phases in the titanium Grade 2 is shown in Table 8.10.

The EDX results showed that the grey matrix and dark phase distributed in the matrix were 100

at.% Ti and were assumed to be « (the matrix) and TiH. (hydrogen could not identified by the
detector). The EDX results of the bright phase showed that it contained Fe in addition to Ti.

However, these phases were too small to measure accurately and were assumed to be bTi. Due
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to their small sizes, the dark phase could not be measured accurately, but the real value would
have less Ti because the result was increased by the surrounding Ti.

Table 8.10. EDX analyses of the titanium Grade 2 substrate.

Area Elemental content (at.%) Phases
Ti Al Fe Cr Si

1 (Dark) 100 - - - - (ocTi)

2 (Grey) 100 - - - - TiH,

3 (Bright) | 95.3+0.8 - 47+08 - - bTi

Magm TODKX  GignW A=NTSUSD  Dase 31 Ocl 2004 ——
WD = T3rm EHT = 1500 kv Tirne 11 5651

Figure 8.6.SEM-BSE image of the titanium Grade 2 microstructure showing (1) («Ti) and (2) TiH..

Figure 8.7. SEM-BSE image of the titanium Grade 2 microstructure showing (1) («Ti), (2) TiH, and (3)
bTi
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8.3.4 Interface analysis

The interface between the substrate and the coating layer was irregular and heterogeneous. In
some places, there was direct contact between the coating and the substrate, and in other places
there were Al,Os particles from the alumina powder blasting, partly or completely embedded in
the substrate. A typical interface is shown in Figures 8.9a for a titanium Grade 2 substrate. It
shows particles of Al;Os; embedded in the substrate and the irregular curve of the interface.
There was a coating-affected zone (CAZ) in Figure 8.9a, where all the dark contrasts identified
in the titanium Grade 2 substrate before coating were no longer present, indicating that a phase

dissolution took place during the coating process, due to the heat generated.
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Figure 8.8. SEM-BSE images of »~TiAl coating layer with 0.5 at% (a) Pt, (b) Pd and (c) Ru additions

on titanium Grade 2 substrate.
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Figure 8.9. Titanium Grade 2 substrate-coating layer interface for coating of )~TiAl with Ir: (a) SEM-
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BSE image and (b) SEM-SE image.

8.4 Effect of heat treatment on the Ti-6Al-4V and titanium Grade 2 substrates

The effect of heat treatment was assessed on coated and uncoated surfaces of Ti-6Al-4V and

titanium Grade 2 substrates. From the microstructural data available in the literature on phase
compositions in Ti-6Al-4V (Peterson, 2011; Jha et al., 2015), the average composition is shown

in Table 8.11.

Table 8.11. EDX analyses of the @ and 8 phases in Ti-6Al-4V/ (Peterson, 2011 and Jha et al., 2015).

Ti-6Al-4V phase composition
Phases Ti Al \%
wt% at.% wt% at.% wit% at.%
(ocTi) 92.8+0.8 88.7+0.9 6.1+0.8 10.3%0.7 11+05 1.1+0.5
(BTi) 89.8+0.8 88.9+0.7 4.8 +0.8 8.2+0.8 54+2.3 49427
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The results of EDX analyses are shown in Tables 8.12 and 8.13 for the coated and uncoated
surfaces of the Ti-6Al-4V substrates. The coated side showed some protection due to the
presence of iridium-alloyed y-TiAl coating (Figure 8.10 a: Area 1). A zone with only pure oTi
was adjacent to the coating (Figure 8.10 a: Area 2), followed by a zone consisting of «Ti+p (Area
3), (Table 8.12: Area 2). In addition, from the outer to inner position on the substrate (from
bottom to top), the bright phases in Area 3 decreased in size, changed in morphology and were
more dispersed compared to Area 4, which was the unchanged part of the substrate.

The uncoated side of the samples was oxidised, resulting in the formation of an oxide layer,
with a total thickness of 10.2+0.5 pm. The microstructure of the oxide layer consisted of four
areas. Area 1 consisted of mainly TiO,, and aluminium oxide was present and no vanadium
oxide. Below Area 1 was Area 2, a layer consisting of mixed oxide with TiO. being the main
phase. Aluminium and vanadium were present, probably as oxides. Area 3 had the composition
of Ti-6Al-4V (Table 8.13). The microstructure was different from that of the rolled Ti-6Al-4V
described above. Area 4 had the composition and microstructure typical to Ti-6Al-4V.

Table 8.12. EDX analyses of the different layers of the oxidation affected zone of the coated Ti-6Al-4V

(Figure 8.10a).
Elements Composition (at.%)
Area 2 Area 3 Area 4
O 0 0 0
Al 23.9+3.2 10.9+0.5 10.6+0.5
Ti 73.5+3.4 85.8+0.5 85.5+0.5
V 2.7+0.8 3.6+0.1 3.9+0.1
Phases («Ti) (c«cTi)+(BTI) («cTi)+(BTI)

Table 8.13. EDX analyses of the different layers of the oxidation affected zone of the uncoated Ti-6Al-4\V

(Figure 8.10D).
Elements Composition (at.%)
Area 1l Area 2 Area 3 Area 4
0] 71.0+0.7 65.5+5.0 0 0
Al 0.3+0.1 3.1+1.1 11.2+1.1 10.2+1.1
Ti 28.7+0.5 29.6+0.8 85.5+1.3 86.1+1.3
\Y 0 1.8+1.3 3.3+0.1 3.7+0.1
Phases TiOZ, AlL,O; TiOZ, A|203, Vv 0(+§ 0(+§
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Figure 8.10. SEM-BSE images of cross-sections of: (a) coated, and (b) uncoated substrates of oxidised Ti-
6AIl-4V substrate.

On the titanium Grade 2 substrate, the coated side did not show any oxidation under the Ir-
alloyed y-TiAl coating (Figure 8.11). A coating-affected zone was present, without the dark (@)
phase. Below the coating-affected zone was the normal microstructure typical of titanium Grade

2 as shown in Table 8.8.
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Figure 8.11. SEM-BSE images of cross-sections of: (a) coated, and (b) uncoated of oxidised titanium Grade
2 substrates.

8.5 Discussion

The substrates on which coatings were conducted were commercial Titanium Grade 2 and Ti-
6Al-4V alloys. The analyses conducted on titanium Grade 2 showed Fe (Table 8.7), believed not
to be in solid solution, as the EDX analyses conducted on selected areas showed precipitates
(Figure 8.1), which were rich in Fe, indicating that the Fe amount was above the solubility limit.
The hardness was 222+5HV,, suggesting an increase due to precipitation and rolling. The
microstructure of Ti-6Al-4V was typical of the standard alloy (Peterson, 2011; Jha et al., 2015),

181 |Page



and consisted of o Ti matrix with aligned 8 phase, of high vanadium content, indicating rolling.
The hardness was was 378+10HVy, falling well in the range of y-TiAl (Table 4.6).

The results of the EDX analyses indicated that the microstructure of the coating was very
complex and consisted of many phases, including y-TiAl, (Al), PGM-containing phases, Al,Os
and TiO,. Gamma-TiAl was expected, as it was the target alloy during mechanical alloying by
double diffusion of titanium and aluminium. PGM-containing phases were also the result of
mechanical alloying. Diffusion of aluminium and titanium in PGM, and vice-versa, led to the
formation of high-PGM content phases.

The Al,Os particles of the coating had two origins. The Al,Os within the coating layer came
from the cold spray process itself. Even though the process is called “cold”, it is conducted in
air, at temperatures above 300°C. In this work, it was conducted in air at 550°C, and the
diffusion rates of Al atoms would have been higher than Ti atoms because of Al's lower melting
point. The aluminium atoms diffused out; some was the aluminium observed in the coating,
and some oxidised with oxygen in the air, forming AlOs. This was facilitated by the small size
of the mechanically-alloyed particles. From the Ellingham diagram (Ellingham, 1944), with
competition between aluminium and titanium to react with oxygen, oxygen would preferably

react with aluminium first and form Al,Os, before reacting with titanium.

The Al,O; particles at the substrate-coating interfaces were the result of prior cleaning by
alumina blasting. The blasting was conducted using aluminium oxide powder to clean the
surfaces of the titanium Grade 2 substrate and Ti-6Al-4V. By using the energy of the Al,O;
particles exiting the gun nozzles, the Al,Os; broke and removed any nano- or micro-sized
titanium oxide that would have formed as a result of exposure of the substrate to the air oxygen
over time. After the removal of the titanium oxide layer, the high-energy Al,Os particles

penetrated the substrate and became embedded.

The exposure of the substrate to atmosphere of oxygen-containing argon demonstrated the
ability of the coating to protect the titanium Grade 2 and Ti-6Al-4V substrates. This was shown
by comparing the cross-sections of the coated and uncoated substrates. For both substrates, the
coating proved to be protective. However, immediately below the coating, in a coating-affected
zone, the substrate experienced some heat and the bTi phase in the matrix dissolved. Since there
was no change in composition in the coating-affected zone compared to the original substrate,
the disappearance of the dark phases of the titanium Grade 2 substrate and the bright phase of
Ti-6Al-4V substrate was from oxidation at 950°C.
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The substrate-coating interface was not continuous on the two substrates, due to the Al,Os
from cleaning being embedded in the substrate and preventing direct contact between the
substrate and the coating, and this could become the weakest part in the substrate-coating
bonding. Nevertheless, after subjecting the samples to heat treatment, there seemed to be no
weakening of the bonds where the Al,Os particles were located. At this stage, the bend test was
not undertaken because the first step was to assess the high-temperature behaviour of the

coating layer in oxidising environments.
8.6 Summary

Mechanically alloyed powders of y-TiAl with 0.5 at.% Pd, Pt, Ru or Ir additions were coated
onto titanium Grade 2 and Ti-6Al-4V substrates using the cold spraying process. Titanium
Grade 2 was softer than y-TiAl alloys and Ti-6Al-4V had hardnesses in the range of y-TiAl
alloys. The optimal temperature to coat in the process was 550°C.

The coating layers adhered to the substrates. Alumina particles from the surface cleaning by
alumina blasting were embedded in the substrate. The interface between the substrate and the
coating layer was irregular and heterogeneous. Some alumina particles from the sandblasting
were at the substrate-coating interface, occasionally interrupting the continuity of the substrate-
coating contact. In the case of iridium-alloyed y-TiAl, particles of high iridium content were
observed, indicating that during mechanical alloying, aluminium and titanium atoms diffused
into iridium.

The oxidation tests conducted on the coated substrates revealed that the coating layers provided
some protection, as no oxide layer was observed under the coating layers. As expected, the

uncoated side of the substrate showed oxide formation.
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CHAPTER9
GENERAL DISCUSSION

9.1 Introduction

Gamma-titanium aluminide (y-TiAl) is an alloy with much potential for applications where light
weight for energy saving, room temperature corrosion resistance in aqueous solutions, high-
temperature oxidation resistance, or where the combination of all the performances above is
needed. Through the literature survey conducted in this work, the superiority of high-
temperature performance of titanium aluminides over conventional alloys such as nickel-based
superalloys, titanium-, aluminium- and magnesium-based alloys was established (Lasalmonie,
2006). The weakness of the titanium aluminide alloys was also established. While titanium
aluminides show potential at high temperatures, room temperature brittleness remains a
challenge, hindering the widespread use of these alloys in applications where high toughness is
required. The literature also shows that there is very limited knowledge on aqueous corrosion
behaviour of titanium aluminide (Rivera-Denizard et al., 2008; Long and Rack, 1998; Escudero
et al., 2004, Jafariana et al., 2009; Bello et al., 2010). Most investigations conducted on titanium
aluminides were aimed at improving the room temperature ductility and the oxidation resistance
above 800°C (Meier, 1989; Rahmel et al., 1995; Reddy et al., 2001; Chu and Wu, 2003; Yang and
Wau, 2003; Chuprina and Shalya, 2007). Elements such as V, Mn and Cr were added to improve
the room temperature ductility (Lapin, 2009), B and C to increase creep resistance (Huang and
Chesnutt, 1994; Tetsui and Miura, 2002). Niobium (Nb), Ta, V, Si, Ag and P were added to

improve oxidation (Schumacher et al., 2000).

There were no data available on platinum group metal (PGM) additions to titanium aluminide
alloys for aqueous corrosion and high-temperature oxidation resistance improvement prior to
this investigation. Platinum group metal additions to titanium aluminide alloys have potential of
improving the corrosion resistance in aqueous solutions and high-temperature oxidising media.
Could coating titanium and titanium alloys with PGM-containing titanium aluminide alloys have
the multiple benefits of improved corrosion resistance in aqueous solutions, good ductility at
room temperature and high-temperature oxidation resistance? In an attempt to provide answers

to this question, investigations were conducted on the y-alloys with PGMs, as coating materials
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for titanium Grade 2 and Ti-6Al-4V, including the plain y-TiAl microstructure with PGMs, the
effect of PGM addition on the corrosion behaviour of y-TiAl alloys with PGMs in aqueous
solutions, the effect of PGM addition on the high-temperature behaviour of y-TiAl alloys with
PGMs, y-TiAl alloys with PGMs produced by mechanical alloying and consolidated by spark
plasma sintering, and the coating of mechanically alloyed y-TiAl powders with PGMs cold
sprayed onto titanium Grade 2 and Ti-6Al-4V.

9.2 Microstructure of the y-TiAl alloy

Previous investigations have established the microstructural features of the y-TiAl alloy to be
fully lamellar, consisting of alternating lamellae of TiAl (y) and TisAl (c2), near lamellar with
lamellar grains with isolated y grains, duplex with lamellar and y grains and near y (Kim, 1989;
Pu et al., 1993; Wu, 2006; Imayev et al., 2007) in the composition range 44-48 at.% Al, with the
near y microstructure occurring near 50 at.% Al. This was confirmed in this work, and the fast
cooling, after melting was sufficient to retain conditions sufficiently close to equilibrium at the
temperature of melting. Since cooling under true equilibrium conditions is very slow, and the
work did not require it, it was sufficient to use the as-cast samples. If the microstructure of a
particular temperature had been required, the samples would have been annealed at that
temperature for a long period and quenched. The as-cast y-TiAl alloy contained 47.5 at.% Al
which led to a volume fraction of 25 % o, and 75 % v, which was close to values found after
heat treatment by Ding et al. (1986), Murray (1988) and Yang and Hao (1999). These
observations showed that the microstructure was duplex, consisting of lamellar and y grains.
The target composition in this work was 47.5 at.% Al, as this is the composition where a
microstructure with more y phase could be expected (Huang and Chesnutt, 1994; Schuster and
Palm, 2006). However, due the high cooling rate in the button arc furnace, the y phase did not
fully develop, as its formation is sluggish (Kim, 1989), even when the alloy is heat-treated above
1200°C in the alpha region of the Ti-Al phase diagram. Thus, this allowed the development a
microstructure consisting of y and lamellar grains («; and ).

The crystal structures of the two phase components in the y-TiAl alloy were established to be
hexagonally close packed for «. (Appel ¢t al., 2011c) and face-centred tetragonal for y (Duwez
and Taylor, 1952; Kim, 1989; Djanarthany et al., 2001). In the two-phase region, the y-TiAl had
hardnesses in a range around 300HV 10 for the plain alloy. The hardness did not vary much with
platinum group metal (Pt, Pd, Ru and Ir) addition. This suggested that there was not a crystal
structure change leading to hardening.
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Platinum, palladium, ruthenium and iridium were added at 0.2, 1.0, 1.5 and 2.0 at.% to improve
the aqueous and hot-temperature corrosion resistance of y-TiAl alloys, but were also expected
to affect the microstructure. In most investigations (Shi et al., 1992; Huang and Chesnutt, 1994;
Kim, 1994b; Loria, 2000 and 2001; Schumacher et al., 2000; Goral ¢t al., 2006; Moskal, 2007;
Lapin, 2009), alloying of y-TiAl aimed at improving the room temperature ductility and high-
temperature oxidation and generally involved transition metals other than PGMs (Appel ¢t al.,
2011d). Ruthenium is the only PGM extensively researched with regards to its effect on the
microstructure of y-TiAl (Kathaee et al., 1989a, 1989b and 1989c; Kimura and Pope, 1997; Kim
et al., 1999; Grytsiv et al., 2003). The ruthenium solubility limit in y-TiAl is dictated by its
solubility limit in «, and y phases, and was established to be ~0.5 at.% Ru. in «; and 1 at.% Ru
in y by Kathaee et al. (1989c). Literature on the addition of Pt and Pd to y-TiAl indicated that
the maximum solubility in o, and y was 2.5 at.% for Pd (Ding et al., 2000; Raghavan, 2008 and
Zaikina et al., 2011a) and 5.5 at.% for Pt. For this work, it could be expected that, in the 0.2-2.0
at.% addition range, Pd and Pt were in solid solution. However, new phases were observed at
all PGM addition levels (0.2; 1.0; 1.5 and 2.0 at.%). It is worth noting that in this work, new
phases developed at Pd and Pt contents below the solubility limit of Zaikana et al. (2000) and
Ding et al. (2000), which could suggest that the solubility limit of the two PGMs might be lower
than indicated. Addition of Ru led to the formation of a two-phase microstructures y+G. In the
two-phase o,+y composition range, Pd addition formed the o,+y+B2 three-phase mixture
(Zaikina et al., 2011a) and Pt addition the o,+y+1s three-phase mixture (Zaikina et al., 2011b;
Zaikina et al., 2012). These ternary phase diagrams all have two- and three-phase regions, as well
as single phase regions, so any alloy whose composition lies in one of these regions will

thermodynamically have that number of phases.
9.3 Effect of PGM additions on corrosion behaviour of y-TiAl in aqueous solutions

The only publications found on corrosion of y-TiAl in aqueous solution were the work of
Saffarian et al. (1996) and a more recent work by Seikh et al. (2015). In aqueous solutions,
Saffarian et al. found that TisAl and TiAl showed corrosion behaviour intermediate between
pure Al and Ti, which depended on the aluminium content. The susceptibility to pitting
corrosion decreased with increasing titanium content, shown by the increase of pitting potential
with increasing titanium content. Results reported here are consistent with the observations by
Saffarian et al. (1996) and it was also established that the passivation zone of the plain y-TiAl

decreased with increasing solution acidity. Saffarian et al. (1996) also found that there was a

systematic decrease of the pitting potential with increasing CI” concentration, which corresponds
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to the shrinking of the passivation zone with increasing acidity. Seikh et al. (2015) found that +-
TiAl alloy produced by electron beam melting (EBM) has excellent corrosion resistance
highlighted by high polarization resistance values and low corrosion rate. They also found that

increasing the temperature significantly increased the corrosion of the EBM v-TiAl alloy.

Literature on PGM additions to alloys of the Ti-Al systems to resist pitting corrosion is restricted
to the «Ti field with minor additions of Ru or Pd (Stern and Wissenberg, 1959a and 1959b;
Potgieter, 1990; van der Lingen and Sandenbergh, 2001). There are no data available on the
corrosion behaviour of PGM-containing y-TiAl alloys in aqueous solutions. In this work, PGMs
(Pt, Pd, Ru or Ir) were added to y-TiAl to improve the resistance to pitting, and the results
suggested that the addition of PGMs to y-TiAl alloy increased the resistance to pitting corrosion
by shifting the corrosion potentials towards more positive values and increased the pitting
potential, suggesting an improvement in resistance to pitting corrosion, as the passivation zone
expanded and the pitting phenomenon was delayed. The shift of the corrosion potentials
towards more positive values was attributed to the modification of the cathodic process.
Cathodic modification (Figure 2.10c) involves the passivation of a metal in a reducing acid in
order to change the Kkinetics of the hydrogen evolution reaction by alloying the metal with a
noble metal which has a higher exchange current density than the metal being passivated
(Higginson, 1989). This was the case when Pt, Pd, Ru or Ir was added to y-TiAl alloy (Figures
5.16, 5.17,5.18 and 5.19).

The resistance to pitting could not be improved in very aggressive solutions, with pH<O0. In
these very acidic and aggressive solutions, the potentiodynamic scans of the plain y-TiAl showed
no passivation zone (Figure 5.21), indicating that corrosion resistance could not be improved
by cathodic modification, as the corrosion potential of the PGM-containing y-TiAl fell either in
the transpassive region or the active-passive region on the potentiodynamic scan of the plain y-
TiAl and led to alloy dissolution in both cases. This meant that the corrosion potential shift to
more positive values alone was not enough to improve corrosion resistance as other aspects of
the alloy electrochemistry, such as solution acidity, current density, long term exposure to acid
and galvanic couple also played a part (Hwang and Kim, 2002; Du ¢t al., 2014; Oguike, 2014) .
Generally, the current density at the corrosion potential decreased with increasing PGM content
(Figure 5.15), but in some alloys, there was a sharp increase in the current density, indicating
that, even though there was a shift of the corrosion potential to more positive values, observed
high current densities resulted in high dissolution rates (Figure 5.22).
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Stern and Wissenberg (1959b) ranked the effect of the most remarkable alloying elements in
improving the corrosion resistance of an alloy in a decreasing order as
Ir>Rh>Ru>Pt>Pd>0s>Au>Re. Investigated alloying elements included Pt, Pd, Ru and Ir and
Ir outperformed all other PGMs in improving the corrosion resistance by reducing the
corrosion rate. Thus, from this work, the decreasing corrosion resistance ranking due to the
PGMs as alloying elements of y-TiAl alloy is Ir>Pt>Pd>Ru. A question remains for Pd, as in
some cases, the y-TiAl samples were completely destroyed. The high corrosion rate observed
with Ru was due to Ru tendency to shift the potentiodynamic curve towards high current
density, resulting in high corrosion rates (van der Lingen and Sandenbergh, 2001).

The new phases formed in y-TiAl with increasing amounts of PGMs (0.2, 1.0, 1.5 .0 and 2.0
at.% Pt, Pd, Ru or Ir) might have been thought to give improved corrosion resistance by
changing the kinetics of the hydrogen evolution reaction. However, there was no benefit in
increasing the PGM content, as the same performance was achieved at 0.2 at.% and 2.0 at.%
PGM.

Adding more PGMs was not beneficial to the corrosion resistance, because it led to the
precipitation of new phase, with higher PGM content, which resulted in the higher corrosion
generally observed in multiphase alloys, as the matrix was depleted of PGM (Vaidya and Preece,
1978; Chawla, 1993; Davis, 1999; Ghali and Revie, 2010). However, the PGM-rich phases would
only precipitate because the PGM solubility in the matrix has been exceeded, thus would not
deplete the matrix of PGMs. Additionally, there will be a difference between the two phases
and the individual phases possess different electrode potentials, resulting in a galvanic corrosion
with one phase acting as an anode and being subject to corrosion (Scully, 1966). In this instance,
the phases with high PGM contents acted as cathodes, and the matrix as the anode. The matrix
was thus subjected to dissolution, even though the presence of the PGMs shifted the corrosion
potentials to more positive values. In systems exposed to aqueous environments, the corrosion
process is under cathodic control, which means that the size of the cathode will control the
anode current density (Chawla, 1993; Landolt, 2007). The larger the cathode area compared to
the anode area, the greater will be the anode current density. For y-TiAl, this meant that as the
amount of PGMs was increased from 0.2 at.% to 2.0 at.%, more areas of higher PGM content
phases were introduced in the microstructure, giving higher anodic current density to the matrix,
increased matrix dissolution and more PGM-containing particles were left on the corroded
surface. The general result in such a case is the surface enrichment of the less active elements

(Landolt, 2007); here, there was surface enrichment in PGM-containing particles. This was
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confirmed by the PGM content of corroded surfaces (Figure 5.24) and the high values of end
potentials in the open circuit potential tests (Figures 5.25-5.26).

Through the open circuit potential tests, it also was possible to show that the shift of the y-TiAl
corrosion potential towards more positive values (Figures 5.7-5.10) was due to the accumulation
of PGMs on the surface as corrosion occurred (Figure 5.24). Cathodic modification of PGM-
alloyed y-TiAl then occurred as a result of increased PGM content on the surface of the y-TiAl
alloys, which simultaneously improved hydrogen evolution efficiency and inhibited anodic

dissolution.

9.4 Effect of PGM additions on high-temperature oxidation behaviour of y-TiAl

The high temperature oxidation mechanism of intermetallic compounds in the Ti-Al system is
well established and understood (Rahmel and Spencer, 1991; Li et al., 1992; Meier et al., 1993;
Shida and Anada, 1993; Rahmel et al., 1995; Das et al., 2002). The oxidation behaviour of y-TiAl
based alloys is extremely complex, and depends on temperature and atmosphere composition.
Protective alumina scales were formed in pure oxygen up to 1000°C (Dettenwanger et al., 1994).
In air, a critical temperature, above which a mixed TiO,/Al.O; scale forms and grows at rates
which are orders-of-magnitude faster than that of Al,O; (Meier ¢t al., 1993; Dettenwanger et al.,
1994; Rahmel et al., 1995). This temperature was found between 700°C and 800°C (Chang, 2007;
Mitoraj and Godlewska, 2013). Meier ¢t al. (1993) found that continuous alumina did not form
at temperatures above 750°C.

The effect of PGMs on the oxidation behaviour of y-TiAl was assessed by the ability of the
alloy to form an external aluminium oxide and Z-phase (TisAl;O) that would stabilise the
aluminium oxide phase and promote its continuity (Copland et al., 1999). For oxidation
resistance, the formation of Al,Os is desired over TiO,. The latter grows at a rapid rate and does
not provide adequate protection above 600-700°C (Jacobson et al., 1999). On the other hand,
alumina scales, by virtue of their extremely slow, parabolic rates of growth, are protective at
temperatures above 1200°C (Copland et al., 1999).

The additions of 0.2 at.% PGMs led to the development of oxidation resistance by the
formation of Z-phase (TisAl;O,) which promoted the formation of an external Al,O; layer. As

the PGM content was increased to 1.0 at.%, the oxidation resistance significantly decreased.
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The alloys underwent oxidation, irrespective of the PGM introduced, with different oxidation
patterns and to different extents. These results indicated that, as alloying elements in the y-TiAl,
ruthenium, platinum and iridium could facilitate the stabilisation of the Z-phase and subsequent
promotion of more protective Al,O; away from the surface in the early stage of oxidation at
contents below 1 at.% and the TGA data suggested an optimum at 0.5 at.% PGM (Figure 6.1).

At 1 at.% addition, platinum-, ruthenium- and iridium-alloyed y-TiAl showed a layer of TiO, on
the surface, followed by a thick layer of mixed ALOs+TiO, underneath (Figures 6.2 to 6.4).
Under the oxide layers was a subscale layer of Z-phase, which is known to stabilise Al,O;
(Coppland et al., 1999). This was supported by more AlOs; than TiO; in the mixed layer.
However, the progressive formation and growth of TiO; is believed to be the result of nitrogen
in the air, which prevented the formation of continuous Al,Os, even though the PGMS
stabilised the Z-phase (Rakowski et al., 1995; Lang and Schiitze, 1996; Shemet et al., 1997). The
TiN formed would have decomposed, releasing nitrogen for further nitriding inwards and giving
rise to TiO, formation behind the reaction front. This could also explain the sole presence of
TiO; on the surface, its progressive decrease towards the metal substrate and a dominance of
Al,O3 near the Z-phase (Figures 6.2 to 6.4).

The microstructure of the oxidised alloys with 1 at.% PGMs had a very brittle oxidation-affected
zone, consisting of an external layer of TiO,, followed underneath by a layer of mixed Al.O; +
TiO.. In some cases, a layer of alumina formed above the mixed oxides. The layer under the
oxide scale, adjacent to the alloy substrate, was TisAl;O; in the Ru-alloyed -TiAl, and TisAl in
the Pt- and Ir-alloyed y-TiAl with dissolved PGMs. In Pd-alloyed y-TiAl, a substituted binary
phase TixsAls.Pdy i.e. Ti(Al,Pd); was observed between a high-titanium content layer and the
metal substrate. This showed that oxidation resistance improvement was best achieved with Ru
addition. The oxide scale in Ru-, Ir- and Pt-alloyed y-TiAl was continuous, non-porous and
without cracks (Figures 6.2 to 6.4). In Pd-alloyed y-TiAl, the oxide scales were porous and had
cracks (Figure 6.5) and the substituted binary phases remained undisturbed in the oxidised
region and were easily removed during metallographic preparation, leaving behind isolated

lamellar grains deprived of y phase.

9.5 Mechanical alloying and consolidation by spark plasma sintering

No particular phase was clearly identifiable in the mechanically-alloyed powder, and heat
treatment at 600°C for 2 hours resulted in the formation of y-TiAl and TisAl. Titanium solid
solution («Ti) was visible in the XRD patterns of heat-treated powders. By milling elemental Ti
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and Al powder mixture for 40 hours, Al-Dabbagh et al. (2015 ) formed Ti(Al) and subsequent
heat treatement led to the formation of a mixture of TisAl and y-TiAl. Even though y-TiAl and
TisAl phases were identified in the XRD patterns of the heat-treated MA powders (Figures 7.7,
7.9, 7.11 and 7.13) there was no lamellar structure in the microstructure of the powders (Figure
7.5).

The presence of Ti after heat treatment was a confirmation that the TiH. observed in the
powder obtained from the milling decomposed during heat treatment, released H, and gave Ti,
which then reacted with aluminium to form («Ti). Studies on the kinetics of the thermal
decomposition of titanium hydride powder have shown that above 500°C, the decomposition
of TiH; is completed in less than 50 minutes (Sandim et al., 2005; Rasooli ¢t al., 2013). In this
work, TiH, was heat-treated at 600°C for 2 hours. The absence of aluminium peaks on the
powder XRD patterns after heat treatment was an indication that, at that stage, all aluminium

was now bound in TiAl or TisAl compounds or dissolved in titanium.

The presence of TiAl and TisAl is in agreement with Neves et al. (2003) and Shao et al. (2015)
who found TizAl and TiAl and unreacted Ti, after heating the mechanically alloyed powder for
2 hours at 750°C for 2 hours. Shao et al. (2015) summarised the formation of the three
intermetallic compounds. The decomposition of titanium hydride with temperature was given
by:

TiH, —» Ti+ H; (Equation 7.1)

In this work, this is explained by Equations 7.1 to 7.3. The formation of TiAl; intermetallic

phase was given by:

6Ti + 6Al — 4Ti + 2TiAl, (Equation 7.2)
The formation of TiAl;and TiAl; intermetallic phase:

ATIAl + 2TiAl; - TisAl + TiAl + 2TiAl, (Equation 7.3)
The formation of TiAl intermetallic alloys through the reaction of the products of Equation 7.3:

TisAl + TiAl + 2TiAl, — 6TiAl (Equation 7.4)

In this work, given the target composition in the two-phase region (Ti-47.5 at.% Al), Ti was in
excess and the following reactions are proposed for the formation of Ti;Al:

TiAl+ 2Ti — TizAl (Equation 7.5)
TiAl, + 5Ti — 2TisAl (Equation 7.6)
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TiAl; + 8Ti — 3TizAl (Equation 7.7)

The result was the presence of TiAl and TisAl from Equations 7.4 to 7.7. TiAl; was present
because of its high stability (Sujata et al., 1997). Many investigations have shown that TiAls is the
first intemetallic compound to form at the interface Ti/molten Al under equilibrium conditions
(Kattner et al., 1992; Sujata et al., 1997; Fu et al., 2001; Khoshhal et al., 2010; Jiangping et al., 2011;
Sina and lyengar, 2015). Under non-equilibrium conditions, such as rapid heating (Fu et al.,
2001), or under solid-state reactions by diffusion (Sina and lyengar, 2015), TisAl, TiAl and TiAl,
formed. TiAl; and TiAl; then reacted with Ti to form TisAl (Equations 7.6 and 7.7).

When the powders were heated in air, oxidation occurred as a result of aluminium and titanium
reacting with oxygen in the air. Reactions started by a mass loss from the decomposition of the
stearic acid, which was followed by a continuous oxidation of the powder expressed by a
continuous mass increase (Figure 7.15). Heating the powder in air completed the formation of
TisAl, TiAl and TiAls, which started during milling, but the air was also a source of oxygen and
nitrogen. From Lavoisier mass conservation laws (Lavoisier, 1789; Whitaker, 1975; Dickerson
et al., 1978), the formation of the three compounds did not introduce mass increase, which came
either from the oxidation of Al and Ti, or formation of nitride by reactions with oxygen or
nitrogen in the air. There was no nitrogen observed, indicating that mass increase was due to
Al,O; and TiO, formation. The initial temperature for oxide formation was not determined. It
is assumed that, as temperature increased, Al,O; must have formed first, given its lower standard
free energy of formation (which is negative) as shown by the Ellingham diagram (Ellingham,
1944; Smeltzer, 1956; Jeurgen et al., 2002), taking into account the temperature and the pressure
variation. At at 25°C and 1 atm when formed from their elements in their stable form, the heat
of formation are -400,00+0.15 kCal for Al,O; (Kabuschewski and Alcock, 1979) and -225.52 +
0.23 Kcal/mole for TiO, (Humphrey, 1951; Kabuschewski and Alcock, 1979).

The compacts obtained by spark plasma sintering showed different microstructures and
hardnesses from the y-TiAl obtained by conventional melting and casting, consisting of a
homogeneous lamellar-free microstructure of evenly distributed «», y and Al,Os with Pd, Pd,
Ru, Fe, Ni and Cr in solid solution. Iridium did not go into solid solution. Alumina in the
microstructure of the spark plasma sintered y-TiAl was also observed by Liu and Liu (2007).
There is no information in the literature on the behaviour of PGMs or Fe, Ni and Cr in spark
plasma sintered y-TiAl alloys.
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The presence of y and «. was in agreement with Liu and Liu (2007) and Guyon ¢t al. (2013),
who made similar observations after spark plasma sintering at 1100°C, but did not agree with
Mei and Miyamoto (2001), Shu-long et al. (2009) and Couret ¢t al. (2008), who showed the
formation of a lamellar structure after spark plasma sintering at the same temperature. Mei and
Miyamoto (2001) also found a duplex microstructure consisting of «. and y grains, after spark
plasma sintering at 1100°C Ti-48 at.% Al derived from blending Ti and Al elemental powder.
They obtained a lamellar microstructure after heat treating the sintered alloy at 1200°C for 2
hours. This indicated that spark plasma sintering carried out at 1100°C in this work could not
give a lamellar structure. This was attributed to the sintering temperature (1100°C) before the
alloy was cooled to room temperature. According to the Ti-Al phase diagram, at 1100°C, the
sintering was conducted at a temperature where o, and y are equilibrium and stable phases. It is
also believed that the added PGMs, Fe, and Cr may have contributed in increasing the
transformation temperature. Only reheating the alloy above 1120°C could lead to fully lamellar
structure by the reaction o+y — oo+ during the cooling process.

The hardness of 850 HV was above the range of hardness (700-750 HV) found in previous
investigations (Liu and Liu, 2007; Chen et al., 2009). This increased hardness is believed to come
from the solid solution hardening due to the solubility of Fe, Ni and Cr in the y and «2 phases.

These elements were identified by EDX in both gand a, phases.

9.6 Coating of MA y-TiAl powder onto titanium Grade 2 and Ti-6Al-4V

From a material deposition perspective, factors indicating the coating quality on a substrate
include good adhesive strength, constant thickness and the absence of porosity, which depend
on the powder particle size distribution and the impact velocity, as well as the powder material
(Klinkov et al., 2005; Grigoriev et al., 2015, Gurrapa, 2001b). Gamma-TiAl powders
mechanically alloyed with 0.5 at.% Pd, Pt, Ru or Ir were cold sprayed onto titanium Grade 2
and Ti-6Al-4V substrates and gave a coating of irregular thickness, with minimal porosity and
good adhesion to the substrate (Figures 8.9 to 8.11). The powder used during coating was a
non-heat treated mechanically alloyed powder, deposited at 550°C. For both substrates, the
couple particle/substrate was of the hard particle/hard substrate type, as defined by Bae et al.
(2008), which could not make an easy coating. This hard/hard coupling was the reason why the
coating thickness was very irregular, as in some areas, the particles could not stick to the

substrate at the first spray gun pass.
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The Al;O; particles embedded in the substrates came from the alumina powder used to clean
up the surface. During surface clean-up by alumina powder blasting, the Al,Os particles, with
Vickers hardness higher than 1500HV., (Curkovic et al., 2007; Figiel et al., 2011), the Al,Os/Ti-
6Al-4V or Al,Os/titanium Grade 2 as particle/substrate couples were of a hard/soft type and
led to super-deep penetration of alumina particles due to the high-velocity of particles (Klinkov
et al., 2005), and extensive material removal which rendered the surface irregular and facilitated
material deposition, in spite of a hard/hard coupling between the mechanically alloyed powder
and the two substrates (Bae et al., 2008). This resulted in the good adhesions of the mechanically
alloyed powder particles to the titanium Grade 2 and Ti-6Al-4V substrates, but also in several
alumina particles embedded in the substrates and at interfaces.

There is no information in the literature about the behaviour of platinum group metals used as
alloying elements in the mechanically alloyed -TiAl powder cold sprayed onto substrates. In
these investigations, cold spraying was conducted at 550°C, a temperature that left the PGMs
in an incomplete alloying stage, which is in agreement with the XRD results of the mechanically
alloyed powder and confirmed by the particles of high PGM content observed in the coating of
titanium Grade 2 or Ti-6Al-4V substrates (Figures 8.5-8.7; 8.10-8.11).

Coatings on both substrates were dense near the coating/substrate interfaces. This was because
the tests were conducted at a temperature (550°C) which softened the mechanically alloyed
particles, allowing the tamping effect of successive particles during the subsequent passes of the
gun to easily occur, once the first layer particles were bonded to the substrates, thus creating a
dense coating. Li and Li (2003) have shown that the densification of the layer resulted from
successively impacting particles which took place during powder spraying, leading to a top
region presenting a porous structure, while the inner region was dense. The top region of the
coatings investigated here showed some porosity (Figure 8.7). Due to the high density at the
base of the coating, the oxidation tests of the coated substrates revealed that the coatings
provided some protection, as no oxidation was observed on the substrate surface immediately

adjacent to the coating.

The high amount of contaminants (Fe, Ni and C) picked up during milling should not be
overlooked in evaluating the properties of the mechanically alloyed powders as contaminant
contents were higher than the PGM contents. Thus, any property observed was not due to the
sole presence of PGM, but would include the effect of these contamination elements. Therefore,

the beneficial effect observed by coating could be considered as due not only to PGMs, but also
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to Fe, Ni and C. It would have been beneficial to use alumina balls instead of stainless steel

balls, but a suitable mill was not available.

This discussion shows that cast y-TiAl of composition Ti-47.5 at.% Al with addition of PGMs
had the typical microstructure obtained in the cast alloy, with new PGM-containing phases.
PGM additions were more beneficial for aqueous corrosion resistance than for high-
temperature oxidation resistance. The optimum addition was 0.5 at.% PGM addition, with
iridium giving the best aqueous corrosion and high-temperature oxidation resistance.
Mechanical alloying gave a powder with a different microstructure from the cast alloys, when
spark plasma sintered or coated on to titanium Grade 2 or Ti-4Al-4V substrates. The coatings
showed good adhesion and no porosity near the substrate, two performance qualities sought in

coatings.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

In the Ti-Al alloy system, TisAl, y-TiAl and TiAl; have attracted interest for their mechanical,
physical and corrosion properties as suitable material for corrosion and oxidation resistance
applications at room and elevated temperatures. Gamma-TiAl alloys of composition Ti-47.5Al
(at.%) with addition of platinum group metals (PGMs) was investigated as coatings on titanium
Grade 2 and Ti-6Al-4V for corrosion protection in aqueous solutions at room temperature and

oxidation protection in air at elevated temperatures.

The microstructure of y-TiAl was duplex, consisting of grains of alternating lamellae of «, and
v phases, and y grains. PGM additions did not affect the microstructure significantly and the
hardness. The hardness before and after PGM addition was between 300 and 400 HV 1.

PGM additions significantly improved the corrosion resistance properties of y-TiAl alloys by
cathodically modifying its properties in aqueous solutions. Corrosion resistance improvement
occurred by PGM accumulation on the surfaces during long term exposure to the reducing
aqueous solutions. Improvement of y-TiAl corrosion resistance by PGM additions was
investigated in very aggressive solutions with pH<1 and indicated that better results would be
expected in acidic environments of pH>1. An optimum in corrosion resistance improvement
was chosen at PGM addition of 0.5 at.%, and PGM additions beyond 0.5 at.% did not give
further corrosion resistance improvement. Thus, PGMs are appropriate to add as alloying
elements for corrosion resistance improvement in aqueous solutions when dealing with

reducing media.

PGM additions did not significantly improve the oxidation resistance at elevated temperatures
and, as for corrosion resistance, the oxidation resistance decreased with increasing PGM
contents. While some oxidation resistance improvement could be observed at low PGM
additions, with an optimum at 0.5 at.% PGM, oxidation resistance deteriorated beyond this
value. This was due to the inability of PGM additions to promote the formation of the
continuous Al,Os layer, responsible of y-TiAl protection at high temperatures in the presence
of oxygen. However, oxidation resistance improvement can be achieved if PGMs are added

below the solubility limits in «;and y, the two main components of the y-TiAl microstructure.
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When y-TiAl was produced by mechanical alloying, the microstructure of the mechanically
alloyed powder which was spark plasma sintered (SPS) was different from the benchmark alloy
produced by melting and casting and consisted of continuous o, and vy, and no alternating
lamellae of the two phases. Except for iridium, other PGMs dissolved in «z and y of the powder.
The hardness of the SPS alloys was three times higher than the cast y-TiAl.

Coating titanium Grade 2 and Ti-6Al-4V with mechanically alloyed powders containing 0.5 at.%
PGMs using cold spraying gave some oxidation protection of substrates, even though the
coatings had different thicknesses. Thus, the mechanically alloyed y-TiAl powders can be used
as coatings on other titanium-based alloys for oxidation protection. However, optimisation is
still needed on coating parameters to give controllable coating thickness, oxide formation and
reduced porosity. Particle morphology of the powders should be spherical (by spheroidisation
for example), for better flow in the spray gun and better deposition onto the substrate. Finally,
other coating techniques, such as high velocity oxygen fuel (HVOF) and plasma coatings also
need to be investigated for coating of y-TiAl alloys onto titanium-based alloys.
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Microstructural, mechanical, and
oxidation property evolution of gamma-
TiAl alloy with addition of precious

by I.LA. Mwamba**t, L.A. Cornisht. and E. van der Lingen*

Synopsis

Titanium aluminide of composition Ti-47.5 at.% Al was prepared by
melting titanium and aluminium of commercial purity with additions
of precious metals of 0, 0.2, 1, 1.5 and 2 at.% content. The
microstructure, hardness and oxidation properties were assessed. It
was found that at 47.5 at.% Al, the microstructure of plain Tial alloys
was duplex, consisting of duplex lamellar grains and y grains. The
lamellar grains consisted of alternating lamellae of y (TiAl) and oz
(TizAl), with overall aluminium content in the range of 4347 at.%.
The ygrains had a aluminium content above 50 at.%. The addition of
precious metals to the TiAl alloy resulted in the formation of a new
phase, with a high precious metal content, occurring mostly in the y
phase, without any major change to the microstructure, Increasing the
amount of precious metals resulied in an increase of the new phase
amount, at the expense of the y phase. The hardness of the different
alloys was around 300HVyp. Overall, the research has shown that
addition of precious metals to TiAl resulted in a slight increase in
hardness and a significant improvement of the oxidation resistance.
This shows that alloying Tial with precious metals, at the addition
levels investigated, does not alter the mechanical properties very
much, but improves oxidation resistance.

Keywords
Titanium aluminide, TiAl, precious metals, ternary alloys,
microstructure, properties.

The

Introduction

TiAl is one of the titanium aluminides found in
the Ti-Al system, which exists over a range of
compositions. Titanium aluminides represent
an important class of alloys, providing a
unique set of mechanical and physical
properties with high potential in the
automotive industry, power plant turbines, and
aircraft engines. Intensive research efforts over
the past three decades have matured the
knowledge on TiAl-based alloys, and this state
of progress is currently encouraging the
consideration of this class of materials for
structural, automotive, and aerospace
applications. The outstanding thermo-physical
properties of these alloys result mainly from a
strongly ordered structure, which confers the
following beneficial properties: high melting
point, low density in the range 3.9-4.2 g/cm3,
high elastic modulus, low diffusion coefficient,
good structural stability, and high ignition

doumal of The Southam Affcan Institute of Mining and Matalurgy

temperature when compared to conventional
titanium alloyst, TiAl-based alloys show
superior specific strength-temperature
properties compared to classical titanium
alloys, steels, and nickel-based superalloys in
the temperature range from 500 to 900°C. With
all these advantages over conventional high-
performance alloys, TiAl alloys have been seen
as promising for high-temperature structural
applications. However, the lack of room-
temperature ductility is still the main obstacle
to their utilization as engineering materials2.
The rigid bond structure restricts the ability to
accommodate plastic deformation, thus
reducing ductility.

TiAl-based alloys display dramatically
different microstructures depending on the
composition near a 50:50 Ti:Al atomic ratio.
While v-TiAl is found in the aluminium-rich
region alloys, titanium-rich alloys exhibit a
two-phase microstructure, consisting of layers
of ordered face-centred tetragonal TiAl with a
L1p structure and close-packed hexagonal
leM with DO]QH.

The +TiAl (L1g, tP4) phase is an ordered,
equiatomic compound of the light elements Ti
and Al The high aluminium content of this
compound increases the resistance to
oxidation and burning, two critical concerns in
the use of titanium-based materials. Gamma
TiAl remains ordered to melting at ~1 440°C.
The strong Ti-Al bond leads to high activation
energy for diffusion, which helps retain
strength and resist creep at high temperatures
when diffusion becomes the rate-controlling
pProcess.
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Microstructural. mechanical. and oxidation property evolution of gamma-TiAl alloy

TiAl has a low resistance to oxidation at temperatures
above 800°C. To date, many attempts have been made to
improve the high-temperature oxidation resistance of
stoichiometric TiAl, which include the sputtering of an Al film
and subsequent interdiffusion treatment at 600°C for 24
hours in a high vacuums, sputtering of an Ag-containing TiAl
coatingé, and insertion of silicon in the coating material of
TiAl7. The beneficial influence of the coatings on the heat
resistance of the alloy is a result of the presence of an
aluminium-rich silicon-modified TiAl; phase, which is the
most oxidation-resistant phase in the TiAl systems.

A number of refractory metals have been found to signifi-
cantly improve the oxidation resistance of y-based materials,
and these include Nb, W, and Cr9. Silver was also added to
TiAl with a significant improvement of the oxidation
resistance by promoting the formation of a continuous
external alumina based scale10.11. In this work, precious
metals including ruthenium, palladium, platinum, gold, and
silver were added to TiAl-based alloy and the alloy was
characterized in terms of microstructural evolution, hardness,
and oxidation behaviour.

Experimental procedure

Preparation of TiAl compound

The TiAl alloy was prepared by melting titanium grade 2 and
aluminium of commercial purity in a button arc furnace under
argon. The target composition was Ti-47.5 at.% Al Two types
of alloys were prepared: plain TiAl and precious metals-
containing TiAL The compositions of the first set of melts at
0.2 at.% PMs (precious metals) are given in Table . In the
second set of melts, the amount of precious metals was
increased to 1.0, 1.5, and 2.0 at.% at the expense of the
titanium content, the aluminium content remaining 47.5 at.%.

Characterization of the benchmark alloys

The samples from the melting were cut, prepared metallo-
graphically, and observed with optical and scanning electron
microscopes (SEM). SEM imaging and energy dispersive X-
ray spectroscopy (EDX) were conducted with the FEI Nova
NanoSEM®, a high-resolution scanning electron microscope
{HR-SEM). The chemistry of the samples and the phases
were determined using a combination of X-ray diffraction
{XRD) and EDX.

For XRD, the samples were analysed with a PANalytical
X'Pert Pro powder diffractometer with an X'Celerator detector

and variable divergence with fixed receiving slits and Fe-
filtered Co-Ku radiation. Phase identification was conducted
using X'Pert Highscore plus software.

The plain TiAl and precious metals-containing
compounds were heat treated in a tube furnace under argon
flow. The samples were heated at a rate of 10°C/min to
1 000°C, then held for 1 hour and furnace-cooled. After heat
treatment, the samples were characterized in terms of
microstructure and hardness.

The oxidation behaviour of samples was determined by
thermogravimetric analysis (TGA) using a NETZSCH S5TA
instrument. TGA was conducted in air on the samples and the
weight gain was deducted. The TGA has also allowed the
determination of the onset of weight increase, corresponding
to the onset of oxidation. Samples of 10 mg were loaded in
the STA and heated from room temperature to 1 050°C under
a flow of air.

Results and discussion

Microstructural characterization of cast alloys

Microstructure of TiAl with addition of 0.2 al.% precious
metals

XRD analysis was conducted to evaluate the phase formation
after melting of precursor materials in the button arc furnace.
Titanium and aluminium were melted together and then
remelted with ruthenium, platinum, palladium, gold, or silver
addition. For comparison purposes, commercial TiAl in
powder form was also scanned.

Typical XRD results are presented in Figures 1 to 3. For
commercial TiAl powder (Figure 1), only TiAl peaks were
clearly defined as the powder consisted of TiAl particles only.
In the case of melted plain TiAl (Figure 2), there were TiAl
peaks (y) as well as TizAl (i) peaks. These two phases were
expected, as the composition was selected to produce a TiAl
alloy with a duplex structure, consisting of lamellar and y-
TiAl grains. No titanium or aluminium peaks were observed,
indicating complete alloying.

In the case of precious metals-containing TiAl at an
addition of 0.2 at.% PMs (Ru, Pt, Pd, Au, or Ag), TiAl peaks
appeared with a slight shift towards smaller Bragg angles,
indicative of solid solution. TizAl peaks were also visible on
the XRD patterns. Again, no Al, Ti, or elemental precious
metal peaks were visible. Peaks of elemental precious metals
were not expected, given the low additions. The duplex

Table |
Elemental composition of the alloys
Compound Compaosition (at.%)
Ti Al Ru Pd Pt Ir Ag Au
Plain TiAl 525 475 - - - - - -
Ru-containing TiAl 523 475 0.2 - - - -
Pd-containing TiAl 523 475 - 02 - - -
Pi-containing TiAl 523 47.5 - - 0.2 - -
Ir-containing Tial 523 475 - - - 02
Ag-containing TIAl 523 475 - - - - 0.2 -
Au-containing TIAI 52.3 47.5 - - - - - 0.2
> 518 JULY 2012 YOLUME TA The Joumal of The Southam Affican insttule of Mining and Metaiungy
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Figure 1—XRD pattern of commercial TiAl powder
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Figure 2—XRD pattern of as-cast plain TiAl
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Figure 3—XRD pattern of as-cast TuAl with 0.2 at.% Ru

The Jourma! of Tha Soufherm Afrcan insttute of Mining and Msisiungy VOLUME TA JULY 2012 m



Microstructural. mechanical. and oxidation property evolution of gamma-TiAl alloy

Figure 4—SEM mode micrograph of plain TiMl showing TisAl and y-Till phases

microstructure in the plain TiAl alloy is shown in Figure 4.
The XRD patterns of Pt, Pd, Ag, and Au-containing TiAl
alloys, which are not presented, showed similar peak trends,
with TizAl and y-TiAl peaks.

Figure 4a shows that the microstructure obtained in plain
TiAl at a target composition of Ti-47.5 at.% Al was duplex,
consisting of lamellar grains (areas 1) with single-phase
regions between them (areas 2). The grains identified in
areas 1 comprised alternating light and dark lamellae.

In some parts, lamellar grains were adjacent. Figure 4b
shows, at higher magnification, such an area which appears
to be lamellar only. This figure also shows that different
grains could be identified by the orientation of their lamellae
(Areas 3 to 5).

Typical results obtained from EDX are reported in Table
IL. The overall composition indicates the formation of a
duplex TiAl compound. After melting, the samples were
furnace-cooled (a fairly slow cooling). The elemental
composition showed that areas 1 in Figure 4a comprised
alternating TizAl () and y-TiAl According to the Ti-Al
phase diagram!2, shown in Figure 5, TizAl has an aluminium
content of between 22 and 35 at.% at 400°C. From 35 to 49
at.% Al is the composition range of a two-phase field of TizAl
and TiAl, which was the case in these samples, with the
lamellar region having a composition of 47.7 at.% AL In the
single-phase regions (areas 2 in Figure 4a), the aluminium
content was above 50 at.%, showing the presence of only y-
TiAl These observations indicated that the microstructure
was a mixture of lamellar grains (with alternating c; and y
parallel phases) and -TiAl grains between the lamellar
grains, typical of duplex microstructure?,

Table If

EDX analysis of plain TiAl

Plain TiAl | Area Elemental composition (at.%)

Ti Std. dev. Al | Std. dev.
Overall 515 12 405 13
Duplex 1 520 04 280 04
Plan 2 7T 11 523 12
> 520 JULY 2012 VOLUME TA

SEM and EDS were also conducted on the TiAl
compounds containing 0.2 at.% precious metals. Typical
results are presented in Figure 6 and Table Il respectively.
SEM showed (Figure 6a) that the duplex structure was
maintained in all samples in spite of the ruthenium addition.
In addition, the precipitation of a light phase was observed in
all samples doped with precious metals, mainly between the
interfaces of the single-phase and duplex regions. The shape
of these precipitates was irregular with no particular trend.
No light phase was observed in the az/y lamellar grains.

EDS results (Table III) showed that the light phases
contained a higher precious metal content than the lamellar
and y phases. From Table IIL, the typical Ru content observed
in the lamellar grains and y-TiAl was below 1 at.%, which is
in the range reported by Khataee e al13. In a constitutional
study of the Ti-Al-Ru system, they concluded that the
solubility of ruthenium in vis higher than in the lamellar
phase, with reported values of about 0.5 at.% Ru in az
(TizAl) and less or equal to 1 at.% in y-TiAl

The Al-Ru-Ti isothermal section in Figure 7 shows that
the light phase reported in Table Il (6.3 at.% Ru) is located
in the zone containing v-TiAl and the G-phase although the
analysis of this small phase would have been affected by the
surrounding phases. The G-phase is the Al;sRugTi; ternary

2L

=
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Figure 5—Ti-Al phase diagram1?
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Figure &—SEM mode micrographs of TiAl alloy with 0.2 at.% Ru e
Table M e
Typical EDX analysis of PMs-containing TiAl (5 analyses) r
Alloy Area Elemental composition (at.%)

TiAl-Ru Ti Std. dew. Al Std. dawv. Ru Std. dev.
Owverall 518 11 478 1.3 0.4 0.08
Plain -1 45.0 1.6 52.4 1.7 0.7 0.08
friped -2 05 1.0 50.1 1.2 0.4 0.07
Light phase -3 450 1.7 486 1.3 5.4 10
TiAl-Pt Ti Std. dew. Al Std. dev. Pt Sid. dev.
Cwvarall 51. 11 473 1.3 1.4 0.4
Plain- 1 50.1 12 47TE 1.1 ER] 15
Siriped 2 52.0 10 350 07 23 08
Tight phase2 E 17 03 i) 56 12
TiAlr Ti Sid. dav. A Sid. dav. [ Sid. dev.
Cverall 518 12 Ta 13 0.8 05
Plain 1 457 [E] 504 1.3 0.8 0.5
Siriped 2 52.6 [ 471 0.4 0.3 0.1
Light phase-3 47.3 1.5 45.5 1.5 38 1.0
TiAl-Ag Ti Std. dew. Al Std. dev. Ag Std. dev.
Crverall 52.0 0.8 477 0.6 0.2 0.2
Plain 1 45.3 0.7 53.5 0.6 07 0.2
friped 2 52.0 0.8 476 0.8 0.4 0.3
Light phase-3 ERlG] 04 443 1.3 10.42 20
Al-Ru-Ti Ru TTO*C [ 1043 K )
P 85Hhn
1 AlygRueTi; w.J
. o
= /
g W
i
e
ey A \
G-phase 7 s
adj Akiu
adj Hu-T§
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at. B
Figure 7T—lsothermal section of the temary Ti-Al-Ru phase diagrami4
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compound with the Mn33Th, structure, a D8a-type crystal tation progressed more in the y grains as shown in Figure 8.

structure with a complex unit containing 116 atoms based on The new phase developed between lamellar grains in the y

a bec structure!2. phase, resulting in a complete separation of lamellar grains.
) . As the content of PMs increased, white phases of higher PM

Effect of precious metal content on the microstructure of content formed at the centre (Figure 8b). At 2 at.% PM

TiAl compounds addition, the white phase, viewed at high magnification,

The increase of PM content led to an increase in the precipi- showed a eutectic morphology (Figure 9).

tation of the new phase at grain boundaries. This precipi-

a. Ti -47.5 at. %Al-1 at% A b. Ti -47.5 at. %Al-1 at.% Au

c. Ti-47.5 at. %Al-1 at.% Pt d. Ti -47.5 at. %Al-1 at.% Ru

Figure 8—SEM mode micrographs of TiAl alloys with 1.0 at.%: precious metal

a. Ti-47.5 at.% Al - 2at.% Ru b. Ti-47.5 at.% Al - 2at.% Pt

Figure 3—SEM mode micrographs of TiAl alloys with precious metals showing eutectic-like structures
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Hardness evaluation

Hardness of TiAl alloys with 0.2 at.% precious metals

The Vickers hardness of the as-cast and heat-treated samples
was evaluated and the results are reported in Table IV. The
Vickers hardness of the plain TiAl was around 300, and the
introduction of PMs resulted in a slight increase. However,
the addition of silver resulted in a significant increase of the
hardness, about 400HV ;o in the as-cast condition, More
investigation is needed to understand the sudden hardness
increase observed in the Ag-containing TiAl alloys.

In general, the heat treatment at 1 000°C for 1 hour
resulted in a slight softening of the alloys. Samples that had
the highest hardness in the as-cast condition, TiAl-Pd and
TiAl-Ag, showed the largest decrease. The decrease in
hardness was expected, as the heat treatment was to soften
the TiAl-based alloys while keeping the as-cast
microstructure. To ensure that, the heat treatment
temperature was set to correspond to annealing, without
phase change, using the Ti-Al phase diagram!2.15,

Effect of precious mefal content on the hardness of the
TiAl alloys

by thermograviometric analysis (TGA) with the results
shown in Figures 11 and 12 together with those from a TiAl
powder obtained by mechanical alloying. At 1 185°C in air,
the weight gain in TiAl alloys containing 0.2 at.% PMs varied
between 1 and 2 percent, with Ir- and Pt-containing TiAl
alloys showing the highest weight gain (~2 percent) and Ru-
and Pd-containing TiAl the lowest weight gain (~1 percent).
This is illustrated in Figure 12, which is an expansion of the
curves in Figure 11. In general, as the temperature increased,
the TiAl alloys with PMs showed an abrupt weight increase
from around 950°C, below which the weight gain was less
than 1 percent in almost all cases. When compared to the
weight gain in plain TiAl (Figure 11), the weight gains in
TiAl alloys containing precious metals were significantly
small. The weight gain in plain TiAl started earlier (~36
percent at 950°C), and showed an abrupt increase at about
480°C.

These results indicated that the presence of 0.2 at.%
precious metals in the alloys retarded oxygen pick-up and
therefore oxidation, and demonstrated that by adding
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The increase of PM content was assessed for its effect on the E - . TARRY
hardness, and the results are given in Table V. The macro- § l > s
hardness of the TiAl alloys showed a general decreasing 5 400 £~ e I S
st x A - s el = .
trend with increasing PM content (Figure 109, although it B 300 = ¢ 4 _—= il
remained in the same range observed at the addition level of § 200 I JE | + TALFY
0.2 at.% PMs, that is, 280-380HV ;. However, TiAl alloys 3 = 4 ‘ TiAk-lr
with Pd and Ir showed an inverse trend. 3 * TiAl-AU
o 0+ . : b : |
Oxidation behaviour of plain and precious metals- 0 05 q 15 2 25
containing TiAl at high temperatures Precious metals content (aL%)
TiAl with addition of 0.2 at.% precious metals it 90 Tkl oy sl i o el
The high-temperature behaviour of the alloys was assessed relationship
Tabie IV
Vickers macro-hardness of TiAl alloys with 0.2 at.% precious metals
Condition Parameter Compound
TiAl TiAl-Ru TiAl-Pd TiAl-Pt Till-Ir Till-Ag Til-Au
As-cast Macro-hardnass Hvsg 281 314 a28 314 208 309 318
Standard deviation 23 28 22 10 17 13 22
Haat Treated Macro-hardnass Hvyg 760 50 3 208 300 375 308
Standard deviation 25 11 18 14 12 2 10
Tabie V
Vickers macro-hardness of as-cast plain and PMs-containing Tial alloys
P.M. content | Parameter Compound
{at.%) TiAl-Ru TiAl-Pd TiAl-Pt TiAl-Au TiAl-Ag TiAl-Ir
1 Macro-hardness Hvyg 324 208 276 362 264 373
Standard deviation 17 16 11 14 a 15
15 Macro-hardness Hvg i) 280 381 280 781 353
Standard deviation EE] 21 15 14 10 11
2 Macro-hardnass HV,, 204 326 230 277 268 3as
Standard deviation 27 14 18 13 8 16
The Jowmal of The Southerm Afrcan Instiufe of Mining and Matalurgy VOLUME TA JULY 2002 m—
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Tabie VI
Mass change as a function of PM content at 1 185°C
PM content (at %) Relative mass change in TiAl compound doped with precious metal (%a)
Ru Pd Pt Ag Au Ir
0.2 1.08 1.23 1.83 0.93 .45 1.06
1.0 4.02 0.85 1.32 2.84 214 0.97
1.5 2.26 0.57 2.28 1.42 4.65 0.53
2.0 262 0.00 218 14 0.4g 1.13
14 -
* 12 g
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Figure 14—Typical curves of mass gain as functions of PM contents in TiAl alloys at 1 185°C

The dourmal of The Southern African Insitule of Mining and Metalirgy VOLUME TA JULY 2072 m



Microstructural. mechanical. and oxidation property evolution of gamma-TiAl alloy

precious metals, the oxidation resistance of the TiAl can be
significantly improved.

Effect of precious metal content on the oxidation
behaviour of the TiAl alloys

The effect of PM content on the oxidation behaviour of TiAl
was also assessed by a thermogravimetric analysis (TGA) of
samples with 1, 1.5 and 2 at.% PMs. A typical TGA curve is
shown in Figure 13 for the Ru-containing TiAl alloy. Table VI
summarizes the mass gains for different PM contents, The
mass gain at higher PM content (1-2 at.%) was either the
same or higher than the mass gain observed with TiAl
containing only 0.2 at.% PM, and is shown in Figure 14, for
the mass gain at 1 185°C. For the gold-containing TiAl alloy,
which showed a mass gain of about 9.5 percent at an
addition level of 2 at.% Au, the increase was greater. These
observations indicated that increasing the content of PMs in
the TiAl alloy did not give better oxidation resistance than
TiAl containing 0.2 at.% PMs, and the best results should be
achieved below 1 at.% PM addition.

Conclusion

Plain and precious metals-containing TiAl alloys were
produced by melting commercial aluminium and titanium
together to the composition of Ti-47.5 at.% Al with additions
of precious metals (PMs) at 0.2, 1, 1.5, and 2 at.%. The Tial
alloys were characterized in as-cast and heat-treated
conditions in terms of their microstructure, hardness, and
oxidation behaviour.

1t was found that at Ti-47.5 at.% Al, the microstructure of
plain TiAl alloy was duplex, consisting of lamellar and y
grains. The lamellar grains consisted of lamellae of y (TiAl)
and oz (TizAl), with an overall composition of Ti-(43-47)
at.% Al. The ygrains consisted of y phase with an aluminium
content above 50 at.%.

The addition of PMs to TiAl alloys at 0.2 at.% resulted in
the formation of a new phase, mainly at the grain boundaries
and in the y grains, without major change in the matrix.

The hardness of the plain alloy was around 300HV ;.
Addition of PMs at 0.2 at.% to TiAl alloys resulted in a
slight increase in hardness, and significant improvement of
the oxidation resistance.

Increasing the PM content from 0.2 at.% to 1, 1.5 and 2
at.% resulted in increased precipitation of the whiter phase
with high content of PMs, with no significant change to the
hardness and no improvement to oxidation resistance.
Instead, the addition of PMs above 1 at.% appeared to be
deleterious to the oxidation resistance. Precious metal
addition above 1 at.% resulted in the precipitation of the new
phase at grain boundaries, which developed subsequently in
the y phases and isolated lamellar grains.
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Synopsis
Plain and alloyed titminm aluminides of composition TI-47.5 5t %
Al were prepared by meltlng commerc al-purly dianum and
alummium with additions of 1 al.% precious metal. The as-cast
alloys were subjecied (o potent odynamic scans in 5, 15, and 25
W% HCl aqueoas sobu liens al noom tém peradure and compa red for
their abilitics (o spontancously passivaie

Additdon of preclows metals resulied |2 a general Improvement
of comasion resistance by inorensing the open clrost porential o
mose noble vahues. Addition of 1 a0% gold or s ihver o titasiam
abumimice did nod significamly increase e oorrosion poledial
{Eoomr) above that of the plain dtannm suminide alley, indicaing
that gold and sllver are pot suffickent cathodic modiflers to
the comroson resistarce of Hianium aleminide in all the sshitlons
tested. However, phtionm, palladivm, zad iridium 2 ddithons shifted
the comrasion patearials t the position of the passive reglon of plain
Tiad for all seducion cencenoations. This indicated deat Tial alloyed
With thise pladmim Srenf merals watld passivane spantm consly
Iy eathodic mueditica bou. Tial alleyed wich palladivm performed die
best in 5 wiks HO solotien with the most posiive oomrosion
petenial. In 15 wi% HC sahution, alkeys with plavnon exhibitad
the mest pawithee cormosion pocen tals, whik alloying wich indium or
paltadiun revealed mane i eganve corroson fotendals Thus,
paladiun alloving lsd oo the best cathodic modificacion of Gtaniwmn
ahuminide in kew conoeotra rion HCL solwtion, wherens platintn aed
iriliom allaying additiares resuhed in the bas mathodic madifcatian
al titanium alnmimick in bigh-conceotraien HEL selulion s,

Foaywords
caihedic medification, precious meals, Ganikm, corrsion.

Introdustion
Titarium aluminides are alloys widh high

potanrial for slevatad femperomre applicomians
in wrhine compenenis due Lo their siengih at

high vemperamres, light weight, and good

cecidarion praperties? #, Much work has basn

el keatied e the investigatian al’ the high-

tempararure cuidacion properties of titaniurm
aluminides, resulling i much available data,

Alrhough mudt work was done on the

corcoelon behaviour of pure Lianm amd

titanium-hased allays, wery limited information
15 arvitlbalele oo b coom- lemperilure or near
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A comparative assessment of Ti-47.5 at,%Al
cathodically modified by precious melal
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ropm-lemperature agqueous corrosion
properties of ticanium aluminides. This is doe
tr the: fact that mest investigations conducted
tor date on the titanivm aluminide allays were
adrmed a1t high-temperature performance. and
therefore, high-temperanure properties such as
oxidation and corrosion resistances were
investigated, Gamma dtanium aleminide,
originally desigmad for high-temperature
applications, appears o have excellent
potensial for bone repair and replacement, with
the biological response expected o be similar
to other titanium-base biomaterialsé. These
observations from errly tests have riggered
recent reserch activities on y-TiAl as implants
for the human body?. In the process, recent
vears have seen a growing interest in
assessing the comosion properties of -TLAL in
aqueaus media simulating human body fwids.
which justify the need ta generae a database
on the corrogian preperties al’ Litan iwm
aluminide in agqueons solutionss,

Some calaslrephi slruciuce falures have
oocued in varions alloys due o bk of roam
np L e Corslen resrlance resuliing in
Alreas comrosion cracking® 19, Tiwestigarions of
many al loy gystems wore riggered by
eorrgsion- o eed Lalore of sicuclures wdady
lifc. For instance, crevies cotrosion amdics of
titaninm and itz allavs in sadiu chlaride in
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A comparative assessment of T 7.5 al % Al cathodically medilied by precions melal additions

allyys are extensively used. In mast agueows envircnmenls,
Litariurmn and vikanimm allews show pood corrosion resislance,
due ta the stable owide flima that form spontanecushy on the
surbars, However, inchlacde amlor lluaride solutivns,
Litanium J.."I:‘:fﬁ El] Hu:xxpll']'ll-e Lch.ll.l.'l.l.'h, ::hn'wing |_'.|i|.lin3 and
vreviee vomagion! 1, Alleving elenenty, induding mickel and
mokvbclenem, have been ackled 1o 1Lanium ard (ianiom
allava to oprove die corrosion realstance o plming! 215,
Precions metalks were added to fitniuom b ivcreass the
orresion resismnce inonon-oxididng acids 415,

Additian of predew meals as allogime elements ta
impreve corrosion resistarce wie no limitsl Lo taniem ard
It allawe. Praciaws matals wara alaa nged o ivorasse the
vorresien cesistance of other alloye, swch o stainkess
soeelie 17, Their wse Jor verrosion resisonve improvement
originaled m 181, when Monnaris reporled Lhal the rapid
vorcesion al iron-chreminm alleys incenain acids could be
suppressal by winging o platimem wire srouml 1be corrosion
oz gpocimecn o by adding platimw az an alleving clemenr
o atecl® Scainkess stesl ard nickol-beeod allows were alleed
with ather elemenrs in arder o imprese chedr comosion
redistancs 21,

Several methails: Tor contrelling or improv ing carrasion
registance of metale and alloys have bean reportadzz,
Carcosion cesistance con be controlled andfor improved by
zathodic: madilication2# 24 Far some metals ard their allows,
vuch s aluminium, modilication of anedic Lowers haz beo
ibso usesl o improve corrosion oes Bl 27, Denelkial
alloying elemenis mostly uged in cathoidic modification
imcude platinuen group metals, and nickel andfor
malybdemum 328 When present in stainless steel,
malyldenmm led to beter cormasion resistande by cathadic
medification dian melybdemum-foer stainless sreel.

Platinem group meetal (PGM), nickel. o meolvbdenum
widdishons Facilitate cathode depolarization by providing sites
of low hydrogen evervoltage, which shifts alloy petential m
the positive divection where sxide film passivation is
poasiblezdss, A comprehensive description of the cathodic
meodification mechanism was given by Potgicoer 523,
Relatively small concenteations of cenain precious metals, of
the ander of 0.1 wi%, are sufficient to expand significantly
the corrosion resissance of titanium in reducing acd medi,

Foir alkoys nosed Ia critheal crigie compabeits, such as
tarbine blades and rurbocharger casings, Ffisel consbuation
recudts in the formation of by-products, which fonm cormosive
soluticns oace in contact with a moisnerizing environmens,
leading to pitting and crevice comosion®-2 in addition 1o the
het eaerasion wsnally obsarvad in gas turbine
omponents¥2-33, Aloying plays an important rofe i the
corrosion resistance of materials in such envirenments, as
the microstructural o mponests of the alloy have different
responses if subjected individuslly to the same envircament.
It b= also difficult so predicn the response of the alloy 1o the
qomrosive medinm, as the presence of new phases,
vompoeunds, and structures can lead to pitting andfer galvanic
corrosion. 1n this work, ricasiam aleminide alloys of oz and
v eompositions with 1 at.% preclous mersl additions were
pregarcd and assessed for pitting comosion resistane. The
precicais nvetals were asseased Far thelr abiliny ts cnthodially
medify the titanivm aluminide alloys.
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Experimental procedure

Pripauciion of samoles

T Al allogs were preparad y el ting Grade 2 titaniwm and CF
aluminium in o bulten arc lurmace ukler an argan
atmasphete The mrget cowpesition waz Ti-47.5 et AL 22y
4} tar the plain 11a1allaga. Flain TiAl amd Tisl allsgred with
mreciows metala (s, g silver, gold, plardmnm, palladiom,
ard iridium , were preprared conbeining 1 2% FM substituting
for titaniuny, with the aluminiun content rovainie st 47.5
at.%. Hereafter, prociows metalis) are refemed to as PGS, A
phiaio - TAl alloy made with 32.5 a1, % Al was incudead in the
shuch For eo iz

Elsctroctemical fests

Folenticlvoamic mans were conchciel wilk o A0
AureTa bzl poccuticstat dga branostat syarcm wsing @ conven-
tianal threz alectrade spatem with a snbrated calamel
shirocle (L), For vach alloy svolem, sss wers done in 5,
15, and 25 w3 HCL At room ternperatnre te sasess the offert
af selucian concantration on the cotrasion rare. Scams were
condunted with Grade 2 titaniom, CF aluminiom, plain
aluminikles joz + - TiAL, aml aluminkles with sl dition of
precicus mezals,

‘The surkaces of the samples weara ground to a 1200 grit
SiC paper (inidh, degreass:] with metbancl, cinued with
distilled water, and dried. The surface waz prepared just pricr
o sartirgg the polarizarion emariment co limit long-rarm
ouidation, Before conducting e s, each sample was
mmersad in the solution farappmmimtely&i‘l misuibes o
bt o stable corrosion potential. Porentiodymanic scans
were done by scnning from -350 m¥ to +1000 mV verses
the cormosion potential at a scanning rate of 18 =V min-1.

Rosults and discussion

Electrochemical behaviour

The results of the different tests are shown in Table [, and the
scans at different solution concenirations are shown in
Figures 1 to 10, Table Il shows the petential increase jumgp
observed with increasing solution comcentration (5, 15, 25
wi BT afier 60 minwtes” exposure with referene to plain
TiAl, and was established with the followisg caloulabons:

AF, mFE, ~F

Tl

3|
MI.‘ - E.’- T ll"71..¢I le
"I""E."- " 'E.':l X E.'-.n F"]

wihbere:
AF = Potential increase dafference
Ex = Comrosion patential in 5 wi% HCl sohmion
Eye = Corrosion potential in 15 wide HCl solution
Eas = Carrasion potentlal in 25 wri HCl solution
Eppar= Comesion petential of plain Tial alley

Effect of aloying addition an carrosian patential
Coresion of Grade 2 titanium and CF alumimium
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Tarda )
Test parameters and resulting corrosion potendials, curent densities and corrosion rates
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Resules far Grada 2 Timnim: are shown m Table 11 and
Figures 1. Ahominium (Figare 21 was kag noble than
timmiiu, suggesting that 2humirinm wes more suscopti ble o
corresion tan titaniam. Tn 25wt % HEl selution, the zample
waa campletely destroved. Such @ waponas was expoctad,
Trecavze alumiomum and s allevs are known La be
susceptible o higher cotrosien rates than steel and titaninm
in chileride soluciens, Aluminium shews 1 pining potencial
Temeat thor the 1V EL equilibrn in reocenl glactrolvtes at

1 % comcenitrarion?d.

Corrosion of platn TIA!

TEAl with rg + yphases in the micrasiruciee
In Lhe 5 wi® L selution, duplex ltanum aluminkle [Tabl |

The Jovrs oF T Sovther Afeor bankide of WRing ond sbeay

and Figure 33 had 1 lower comosion potartiz] than Grade 2
titaniwm and higher than CF ahuniniom, indicarieg diec
titaniwn aluminid: waz nobler than ahuninfom and less
nelde than Grade 2 d@nion. Tianium ahmminids gave the
masl posilive £y vahies in 15wt and 28 wt's HI
solutlons. )L appearsd] [hai in high-concenlralion selutons,
duplex Tial had o betrer rasistance oo corrosist. The high
cottesion petarmial sbserved with timnive aluminide nthe
25 Wi LICE aelution was due to the combined contribition of
titaniwm and alominium, a resulc of passivation of the alloy
surfice, a8 was demonstrated in previons work on
alumiides2s, There iana data available for aluminium in 25
with HE s hution, becansc it could nat stend dic aggres-
stvencas of the solution and was complerzly destrayed. The
Trimary passivation zone range decteased with increasing
VOLUME 113 -«
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Figure 1= Potentodynamic scans for Grade 2 tianiom in HCL saltion
of difterent concentrati s
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concertragion of HClin sohstien. At ol solution concen-
trarions, the petentiedynamic scans inbicared that there was
pifting &t polentials that decreased with moreasing acd
concentration. Alley pitting was followed by a transpassive
region that ended with a secondary passivation at current
densities that were very close, irrespective of selution
COCETAIonNs.

The increase of cormosion patential with increasing
solution concentrations is believed to be the result of a strong.
and fast passivation reaction of the Tial alloy in 2 more and
mone ageressive solution.

Flain TiAl with anly y phase in the microstructurs

The potentiodssanmic stan of single-phase titanium aluminide
is shown i Figure 4. There was a high variation of corrosion
potential as the solu tien concentration increased from 5 wi
HL t 15 wi% HO, and & seall patential vaiation between
the 15wt and 25 wi% HC sobutions, indicating that at
higher sohmion concentrations, the corrosion petential was
not mAsenced by the change in concentrtion. Cverall, the
SCans gave cofrosion potentials that were less noble than the
correspending potentials observed with duplex Tialin
solutions of the same concentration, sugzesting that ozey-
TiAl was more corrosion resistant than ¢-Ti4l. The low
potenimls observed with the v-TiAl seemed to be the contn-
bathon of aluminiem content, which was higher than in the
duplex TIAL Alkoying of tanium with sluminizm in & given
selution was expected to resull in & comresion petential lower
than the titaniem comoskon patential and higher than the
Aluminiem corrogdion petemtial in the same solution. Lowering
of corrosion potential with aBoving is well documented for
aluminiem when it is alloyed with less noble elements, such
as magnesium and rmc,

The passivation regien for y-Tinl decreased with
Incrensing solution concentraton. The pting potential alse
decreased with increasing sobution concentration, and
transpassivity accurred at patentials that decreased with
moreasing selution concentrations, Secondary passivation
occurred at a current density that was almost the same,

1 T T T
LB — M‘H%
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Figune 4 —Polentiodynamic scans for plain v-TiAl in HCL solation of
different concentrations
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A\ comparative assessment of Ti-47.5 at.% Al cathodically modified by precious metal additions

irrespective of the solation concentration.

Cowmosion of duplex Tidl aloyed with precious metals

Ceverall, the addition of | at.% precious metals to duplex TiAl
resulted in an increase of corrosion potentials, compared o
plain duplex TiAl m solwtions of same concentration. The
resuls are discussed further.

TIAU alloyed with siver and gold

The potenticdynamic scans for TiAl-1.0 at.% Ag and TiAl-1.0
at.% Au at different sohsticn concentrations are given in
Frgures 5 and & Overall, there was no improvement of the
corrosion resismnce by addidon of siver compared tw the
plain TiAl alloy. Instead, the addition of sitver shifted the
corrasion potential to kess noble values (Table 1), indicating
that modification of the @thedic process could not be
achieved with siver addition to TLAl aloy. There was an
increase in the corrosion potentials for Tial alloyed with gold
{Table ). Asthe solusion concentration moreased, the
cotrason potential increased as well The corresion petential

L, ]
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) PRI (WY
nt 8 B 8 ¥ - B8R

— v e - -
E3 [ [ L] i L1 el [ i
h!m
Figure §—Potent oidyramic scans for TUll-1.0 at. % Ag in WG| =olation of
different concenirad ons
increase with incressing sohstion concentration eccomed st
LB - - -
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Figure fi—Poisnticdynamic scans for Tl -1.0 at % Au in HE sohdion of
difforant concantrations
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higher values than for the plain TiAl in sohutions of the same
concentration. The increase of corrosion potential with
increasing soluthon concentrations i believed 1o be the resulk
af & condrined action of & strong and Faster passivation
reactian of the TiAl allay in an increasingly ggressive
solution, and an mcrease in gold content on the surface. The
values of £ in the TiAl with gold sugpestad that the
chanyge in concentration from 5 wi% HC o 15 wi Hel
impacted Bithe on the corrosion potential (Table 1),

TiAl alloyed with PGMs

The addition of PGMs 1o duplex TiAl resulted in an increase
of the corrosion potential (Table 17, Typical potentiodynamic
s are shown in Figone 7 for duplex TiAl alloyved with 1.0
at.% PL The addition of platinum shifted the corresion
potential to noller values. These resulis showed thit TiAl-1
at-% Pt will passivate spentaneonsly in 5, 15, and 25 wi %
H{ solutions.

The corrosion potential in 25 wi% HC was lower than in
15 wi% HCl owing to platinum bemg remaoved fram the
exposed sarface of the TiAl samples and the relarve amount
af the two phases o aed v changing, resulting in a decrease of
the corrosion potentials. There was mare y-Tial phase than
oy (TinAl), resuking m a higher alumimsom content, although
thiz explanation nesds s be verfiad by conduding EDX and
KPS on the surface of the samples and potentiodymamic
seans of the ey-phase samples. From the data available, it is
speculated that the comosien petential of g (TiAl was
higher than that of v (TiAl), becanse of the higher titanim
content,

However, a very large mcrease in corrosion potential
(Table I coudd result m the athodic process falling in the
transpassive region of the plain TiAL and an increase in
curent density, corresponding o allov dissehstion. Whetler
the cathodic process of the TiAl alloved with PGMs fell in the
active, passive, o transpassive region of the plan Tisl was
verified by comparing the coresponding addition scons
together with the plain TiAl scans,

8

iE
|
Ei
B

Carrent (ol o)

Figura T =Posertiodynamic scans iar Tidd-1,0 6. % Pt in B solulion of
differant concanirations
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\ comparative assessment of THIT.5 al.% M cathodically mdified by precions metal additions

Tabula M1
Characteristic values of potentials and current density for plain TiAl
Gharacteristic values of potenSial ar curmend den sty Sobgtinn cancemiation fwith HEI

3 18 =
Epe (v = 484 -ara
Epa (¥} -0 51 -ara
Epe i) - -84 -2
et (Mt A0E011 5.5E=01 B2E-01
Passhatian region Fram -Z50 tc -38 From -251 10 -133 ~0

Gathodic process modification

The amalysis of the resulis has shown thar ahiminiom, with a
very negative dissclution potential, was more suscepiible to
pitiing corrasion than Grade 2 iianiam For ether alloy
aygtems™, alloying tirambum with alisminium was expected o
lead 1o a corrosion potential between the cormosion potentials
of tieambany and daminium. The vadee of that orrosion
potential will depend on the aluminium ceatent in the TiAl
alley. From the data gathered with duplex Tisd (o + 1) and
aingle-phase y-TiAl It appeared that the corrasion potentials
of the duplex oy # 4-TiAl were higher than those for single-
pphace y-TiAl at all solution concentrations, indicating that
-TiAl, with high aluminnem content, would giee bower
corrosion pesentials, It was alse observed that the passivaticn
region of piin dupls: Tisl decreased with increasmg
selution concentration,

Thus, the introduction of precious metalz in Tisl allay
resulied in a general improvensent of corrasion resistance by
shifting the corresion porentials o nobler values. However,
the cathodic modification will be achiewed only:

L. When the plain duplex TiAl has & small crifical current
demsity (i) that will ke easily exceeded by the coment
of the bydrogen cathodic reaction on TiAl with precious
metal addition a2 the given pagsivation peteatial (£

2. IF the passivation patential (£ of plain duplex TiAl is
sufficiently negative io allow the cathodic component
that has been moroduced to change the comesion
potential (£, of the Tial with precious metal te a
value in the passive range that is more positive than £,
but less pesitive than the potential associated with the
onsed of iranspassive processes (Sy)

3. When the rranspassive petential (£ of Tisl is
sufficiently electropositive to allow a wide passive
range,

Figures & to 10 are the patenticdynams: scans of TiAl
alloved with preciews metals superimpesed on the potentie-
dynamic scans of plain duplex TiAl Table Bl shows the
extension of the passive region in the 5 wi% BC, indicating
that the comacion patertials of Tial alloyed with PGMs fell in
that mnge, and none of the sens infersesied the scan of
phain TiAL in the cranspassive reglon (Figuee 8), suggesting
thiat TiAl alloyed with PGls would spontaneously passivate
in the 5 wrd% HCI selution by modification of the cathodic
process, except for R, A similar trend was observed in the
15 wi% HC| zobution, where all the cathodic processes of TiAl
alloved with PGAs fell within the passivation region, withou
Inzer secting the scan of the plain TiAl scan in the active or

* oz REBRLLARY 2013 VOLUME 113

Transpassive regions (Figure 95, Hewever, inthe 25 wrle HC
solution, cerresion potentials of Tisl alloved with pracious
metnds all fell outside the passivarien region [Figure 10). The
catkodic scan of Tial alloyed with silver, gold, and palladium
intersected the plain TiAl scan in the active reglon, indizating
that alley dissolution would oocus. The cathodic process of
Tl allowed with platinum, and isidium intersected the plain
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Figure §—Efiect of precious metal addition on fe cathodic process in
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\ comparative assessment of T3 al.% Al cathodically modified by precious metal additions

i J
R e B B i il ik in b lai mmoo il e
#5 B4 E3 AN R 1 W M8 w0 60

Comruat jrodh e

Figuin 10—~ Efact of proscioi metal aodilion om e cathid i piooess
25wt HCT godalion

TiAl scan in the transpaszave regien, indicating that alloy
dissalution would socur. This behaviour of alloys in the 25
wi%h HC salation suggested that it would be very difficulr 1o
improve cormosion resistance of Tial alloys by cathodic
medification with some precicws metals,

Conclusion

Titanum aluatinide of omposition Ti-475 AL% Al was
prepared by melting Grade 2 titanium and CP aluminim with
1 ar% additiens of gold, silver, platinum, palladium,
ruthenivum, and ridium. The cormesion behaviour of the
alkervad theriwn ahnninids wae investgated by conducting
polentiody munic s S, 15, and 25 wis 00 ageees
ealution at room tamperarore and comparad to CF aluminim,
Grack 2 llanivm, and plain it inm alwminide of duplex
MCFAstrusties jig 4 ¢ TiAT].

CP ahnninium was very susceptible to cormasion and
Grada 2 fitan fut did vet exhibit sy significant suscegribilice
ta piting, Plain titanium alwminide (o + 3 - Tial was nabler
than CF aluminium ard ez rohle than titaniom Grade 2 in
all aolation con centration.

Silver additian ta ticanium alomivide did net bring tha
corrazion potontial Eoorr alvere thar of plain citanion
alnminide for all salution concenrations, indicating thar
ilver additien could nat mprove che corresion Tezistance.
Cold addition o TiALallew bronght a alisht improvenent,
resulting i the ache-pesaive sare.

Onvezall, addifion of platinuamn grovp wetals Wproved
corragion rasigmnce by increaging the open dinouin potential
0 nabler valucz, Flatinnm, paladiom, sud iridiom additions
hiifted the comragion potantial ro the passive region of plain
TiAlin 5 wt's and 15 wt% AC aclwtions, sugseating that
Tial alloged with these plarinum group mecal s will passivata
aportancesly e madifiation of the cathadic process, In 25
wrik HCl eatarion, die nawr cotrosion pocentials fall in the
wanapassive region a3 a resul of the shife of che TiAl
pregivalion repion b lower peloodiale, kading o alkey
dizaa hation by semwe of the placinum zroup metal allovs.
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Effect of platinum group metal addition on
microstructure and corrosion behaviour of
Ti-47:5 at-%Al

I. A. Mwamba*"?, L. A. Cornish® and E. van der Lingen®

Plain and allayed titanium aluminides of compasition Ti-47-5 at-%4A were prepared with the
addition of 1-0at-% platinum group metals (PGMs). The as casl alloys were subjected 1o
polentodynamic scans in 5, 13 and 25 wi-3HCI solutions at room temperature, and he PGM
containing alloys were assessed for their abilites W spontanecusly passvale by calhodic
modificaton. Flain titanium aluminide had a duplex microstructure congisting of lamellar (2 and
gitemaling lameflas) and pTsl phase grains. The introduction of 1-0 al-%PGMs (platinum,
palladium and indium) ked to the formation of & new phase, developing more in the Tkl phase
grains and a general improvemant of corogion resistance by increasing the corrozion potential o
nobler values. Platinum group metal additions 1o plain TiAl resulted in the corrosion poentials
falling in tha passive regicn of plain Tidl, indicating spontaneous passivation of PGM alloyed Tial
in 5 and 15 wi-S%HC | solptionz. In 25 wi-%HC| solution, the addition of PGMs shifted the cathodic
process in e transpassive or active region of plain TiAl, resulting in either cass in the diszclution
of the alloy due to the absance of an extended passivation region. The cathodic modification of
PGEM allopad Tial occurred as a resull of PGM accumulation on the sudace of the TiAl alloys,
which simullanecusly improved the hydrogen evalution efficiency and inhibited anodic

digzoltion
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Intreduction

Titammum alaminides are alioys with high potential for
elevated tem peratore a pplica tions in tarbine components
due to their strength at high I:n}]‘mm light weight
amd pood oxideton pm]:ln'{ls. Muoch work has been
dedicated to the investigation of the high tempemn e
oxidation propertics of titanium slwminsdes, resalting in
variou s available data. Althowgh skmificant research was
camied owt on the corrosion behaviour of pure tianium
and gtmmum based alloys, very limmied miormation =
ovailable on the room of mear room leEmperature agueous
corrosion properies of tiEnmom sluminsdes, The reason
s that most mvestigations conducted on titanmm alumd-
mide afloys were aimed wt high temperniure pedionma noe,
arad  therefore, high  temperature  propertes  such s
oxidation and corrasion resismnoe were investigsted.
Ginmma tianmm alumimde, orgnally designed for high
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Corrosles Englneering, Scence and Techmalogy 2004

lemperatune  applcaions, appesrs 1o have escellent
powntial for bone repair and replacement. with the
bhinlogical responae expected 1o he dmdlar 10 other
titanium based blomaterials.” These observations from
carly tests have triggered rescarch activities on p-TLIAI for
poteniial wee asimplants © A growing inlerest in assessing
the corrosion propenties of ~TiAl in agueous media,
simulating human body Auids, is taking place

In sl a1 oo en vironmenis, Gtanium and laniem
alloys show good corroslon resisiance due 1o the siable
oxide films that form spontanecusly on e surface.
However, in chiarde andiar luadde sehodons, wtanium
alloys are sosceplibde to attack, showing pitting and
creviee corrosion.” Alloving elements, including nickel
aml molybdenum, have heen added o Btanium and
tilanium alkws 1o improve the cormosion resistance. ™
Precious metals were added 1o tilaniom 1o increse the
conrosion eselance i non-oxidising acids '™ Platinum
group metl (PGM), nicked or molybdenom addivons
facilitate cathodic depolarisation by providing sites of low
hyilre gen avervala pe, which shifts the alloy potentials in
the positive direction where oxide film passivation s
p-cﬁ-ah]a Relatwely small concentrabions of certain pre-
chous metals, inothe order of 01 wi-%, ane sufficent o
significantly increase the oorrosion resstance of tilanium
in reducing scid medin. The addition of preciow s metsls s

v 48w d
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1 Typical polarisaon scan o meteriad axhibiting eathodic
and enodic reqions with aciive o passive wensiilon™

alloying elements to mprove the corroson casiano
ool limited 1o tilaniom and s alioys Precious metals are
akn used (o increase the corrosion residance of slainless
sheele amd nickel " ! Figure | & a schematic diagram of a
metal showing active Lo passive transation,

Their wse for mmproving comosion esslano: ong-
onated m 1911 when Momnariz reporied that the mped
vorroson of iren-chromium allovs mariam acds coukd
be suppressed by winding a pladinum wire around the
corrosion test specimen of by adding platinum ac an
alloying elament 1o steel.'”

In this study, plain tilanmm aluminide of composition
Ti-47-5 pi-"aA] wd  vtamum  alominede wath 140 st
YGM addiions were prepared and asssed for the
elfcet of the PLUMs on the m rostructure and the cathodic
modificabon durnng cornosion,

Experimental

Sample production

TiAl allows were prepared by melting titanjum grade 2
ond aluminiom of commercil punity in a button arc
fumace under an argon atmesphere. The toeget compos-
tiom was Ti-47-5 pi-%wAl. The melting cycle was repeated
four bimes. Two types of alloys were preparedt plaim TiAl
und TiAl alloved with |0 at-% PGMs iplatinum, palla-
diwmn, rutheniom and iridiom) Diferent TiAlalls s were
obtxined containing PGMa substineing for peniom,
with the oluminium content remainin g ot 475 -5,

Microstruclure characterisalion

The samples were cut, polshed and observed with optcal
and SEM muoroscopes. Scanming deciron microscope
magmg and EDX wene comducted with a FEI Nowa
Nano3 ER, 1 high resolution SEM. The chemistry of the
sumples o the phases were determmed w=ng &
combinaton of X-ray diffracion and EDX. For X-ray
diffraction, the samples werea aalysed with a PAMNalyiieal
X'Pert Pro powder diffractometer with an X Celerawr
detector and vanable divergenoe wod fxed receiving slhits
with Fe filtersd Co K, radim tion. Phase ientifica tion was
condocted wsmg o X'Pert Highscore plus software.

Electrochemical tests

Potenbodynamc wans and open areut pelentml (O0F)
measuements were condacied with an ACM Ao Tald

Corfosidn Enginearing. Scienie and Tedhnelogy &na

Muwgmsia ol sl Effect of plating s graup metal sddition on Ti-47 -5 st

poleniosiatigalvanosat sysiem weng o conventioml
three-electrode sysiem with a samraied cabomel elec-
rode (SCE). For each alloy sysiem, issis were
performed m 3, 15 and 25 wi-%HC] 8t mom tempera-
fure to pssess the effect of the sohstton concentration on
the corrosion rate. Seuns were conductied with plain
aluminides (1 + - TIAD and aluminides with addition af
precious metak

A copper wire was soldersd onte the sample, and the
sample was cokd mounted wsing a Struers Epolix résin
and hardener and lefi for 12 b to cure. The wire solderad
on the sample was placed inside the plass specimen
olkder, sealed with slicone and Ieft for 3 b to cure. Each
mmple wax ground o 1200 gnt %C papar Bash
depreased with methanol, rinsed with distilled waler
and drimd hefore wing mmersad in the solabon.
Folarsation: degroms were determined for the mdiv-
dhual metals ax well ax far the galvaric couples niing an
ACK AunaTale] potentiosatigalvancsint system and &
vonvention | three-elactode dectrochemical cell fivied
with a SCE ps reference clecirode amd  gmphite as
counter gectrode. The surface win prepared just before
staring the polarisation experiment 1o Bmit long wrm
oxidation. Befome conducting the scan. each sample was
immersed in the solwtion for ~60 min 10 oblain a stable
vorrgsion pelential Poicobodymamic sans were con-
ducisd by sannng (rom — 350 1o + 1000 mY versas the
corrosion potentiol al a scanning rate of 10 mV min ",
The OPC tests were run for 15 h, dunng which the
smples were exposed 10 8 5 wi-%HC] solution

Results and discussion

Microstructural characterisation of alloys and
hardness

The doplex mictostructure in the plan TiAl alloy s
showm m Fig. 2 Figure 2a shows that ol o tamget oom-
poatkn  of Tid75 at-2&AL  the microstructure was
duplex, consisting of lamellar graina (area 1] with single
phase reghons between them (area 2). The grains ideraifiad
inarea | comprisad pliemating light and dark lameliae. In
some paris, {he lomellnr grons were mijacen i Figune 24
shows, at higher magnification, such an area that appears
1o be only mellar. Thi figure also shows thar dilerent
gmns coubd be identified by the orentation of their
lamefae {arcas 3-5)

Typual EDX resulis of plain Tl are reporied m
Tuhle 1. The overal composition in Tahle 2 indicates the
formation of a duplex TiAl compound, acconding o the
Ti-Al phase dwgmm shown i Fig. 1 * The Ti-Al phase
diggram (Fig. 3 shows that TiAl has an ohomnium
cament hetween 21 and 335 arte mt 4WFC Between
333 @% 1o composition of ~49-3 ar-%Al ar 400°C s
the TisAl4p-TAl twophese fickd, which was these
sumples, with the lnmelkar region huving 8 composition
closz to 47-5 preAl The EDX resulis, together with the
Ti-Al phase diagrom, also show that area | in Fig. 2a
vomprsad aliernating TizAl (20 and -TiAL In the smgle
phase regrons (arew 2 in Fig. 2a), the slommium conteni
Wk > 30l showing the sobe presence of 7-TIAL These
observations indicated that the microsiructuore was a
muixture of lamellar grains (with alternaling =, and §
paralk] phases) and p-TiAl grams between the lamellar
grunz, whoch 15 & typieal duples microstrugtun:, ™

Vo4l  wWO3

244 |Page



245 |Page



Mwamba et ol

82

Effect of platinum group metal addities on Ti-47-5 &l-"%al

2 Image (SEM-BSE) of plain TiAl showing TLAI (bright) and » (dark) phases

Typical SEM and EDX resulis of TiAl alloys contain-
ing 10 wi-%Ry are presented in Fig 4 and Table 3
respectively. The SEM showed (Fig 4) that the doplex
structure was maintgined in spite of the ruthenium addi-
tion. In addition, the precipitation of a lght phase was
observed mainly in the y-phase mgons. The shape of
these precipitates was irregular, with no particular trend.
This microstruciure was also observed in samples doped
with other PGMs

The EDX results in Table 3 showed that the light
phases had a higher Ru content than the lomellar and 3
phases. The ruthenium content observed in the lamellar
grain and 3=TiAl was <] at-%, which is in the range
reporied by K hatage er ol ™ In a constitutional gudy of
the Ti-Al-Ru system, they concluded that the solubility
of ruthenium in 3 is higher than in the =, [ TiAl) phase
with reported values of ~0-3 s-%Ru in 2 and les or
equal to 1 at-% in TiAL

The A-Ru-Ti isothermal section (Fig, 5) shows that
the light phase reported in Table 3 (6:4-10:0 at-%Ru) is
located in the phase fickd containmg =~TiAl and was
namied G-phase, The EDX results of the G-phase werne
affected by the surrounding matrix, so thai the true value
should be extrapolated away from the matrix phase(s).
The G-phase is the AljRugTi ternary compound with
the Mn,, Th, structure, a D¥a type crystal struchure wath a

Tabda 1 Energy dispersive Xoay speciroscopy analysks
of plain TIAI {live analyses)

Elemenial composiion/al-%

Plain TiAl  Area m Al
Drugrall 520+ 10 4-0+10
Lamellse 1 S52T+07 47-3+07
Plan 2 404418 506418
Table 2 Elemental composition of alloys
PGM content/at-
Compound Ti Al Ru Pd Pt Ir
Plaan Tia B25 47-5
TiAl- 1R 515 47-5 1
TiAl-1Pd 515 47-5 1
TiAl-1Py B15 475 1
=1 515 475 1
Comosion Engineering, Scleace and Techsology 2074 voudd

complex unit uwnt;smint_! 116 atoms based on a body

1 a4 - .
venired cubic structure.™ The introduction of precious
metal led to the precipitation and progression of the new
phase in the ¢ grains, as shown in Fig. 5 In some areas,
the growth of the G-phase in the y grains resulted m a
complete separation of lamellar grains

Effect of PGMs on corrosion behaviour
Electrochemical behaviowr

A summary of the test resulis is given in Table 4, showing
the current density, corresponding corrosion rate and
comosion podentials at each concentration of the HCI
solution, The potentiodynamic scans of plain TiAl and
TitAl-1Pd in solubons of different concentrations are
shown below (Figs. 6 and 7).

Effect of alloying addition an corrasion potentiol
Caowrraowion of l|'|J'rJ'|'l'r Tl

In the 5 wi-%HC] solution, plain duplex  titanium
aluminide (Table 4 and Fig. 6) had a corrosion potential
of about —605 V, which decreased as the concentration
uf1|'|l: H(-'| !ll]uli.dll'l |I|1,1'ﬂm¢d |'h:m. Ih.:: F!d'im:lrl_.' ihi."lil'l:'
to passive zone decreased with increasing concentration
of HC1 solution, In all solution concentrations, pitting
cormosion occurred as can be seen with the increase in
curment afler passivation, eg (ranspassive region
P:Hill!: u:ﬂ‘!wiun mxurr:;d wl [mlmlinl\ :]ml dm;lkuwd
with increasing acid concentration. This observation is
in agrement with the work carnied ow by Saffarian
et al=

Titsnium - Aluminun Phase Disgram
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3 Ti-Al phase diagram™
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4 Imeges (SEM-BEE) of TIAD2 st%Pu alloy showing 7
uy Shd G-phads®

TrAl anfloped winhy POM s

The addition of PGMe o duplex TIAl resulled i an
increpse in the comosion  potential {Table 31 Typical
pentindynamic seans are shown in Fig 7 for duplex
TiAl aloved with -0 a-wPd. The addiion of palkadium
shifted the comosion poieptml 0 nobler values, Thess
regults sngpested that TEAKR 1 s-2aPd will passvate sposta-
neously in 5, 13 and 15 wi-SWHU ] solubons. Simaar resulls
were ohtained with TiAN! 4 at-%PL, ToAl-1 -0 pt-%Ea
and TiAl-1 4 a-¥alr Table 3 shows the polenbnl inoresse
ohserved with ncreasing soluthn concentratson (3, 15 and
25 wi-SHICTj allber B0 min e xposure with reference toplain
TIAL as obtainad by the fallowing caleulmions

AEs = Es— Etiai
AEy=FEs— Eqng
AE=Fx— Eqa

where AE is the potenial meresse difference. Ex 5 the
comomon poental i 5 wi-TGHU] solubon, Ejs w the
corroseon potential o 15 wi=SHO solutson,  Ei. s
the cormsion potential in 25 wi-YLHC| sohation and Eqjy
i the comosion potential of plaim TiAlalloy

The corromon potential merenes 1o nohler vihees are
well ilhestrueed (Fg. 8L The evolbion of comosion
potenimls with HUl concentratmom in the solubon remains
between — 3 and —200 mV for TiAl containm g PGS,
well above the evoluten ol the comoson polentml Er
plim Tl which remained below =430 mV, These
pruphe show clearky the shift of corrosion polentisls 1o
nobler values with the addithon of PGhds 1o "TEAT alloy
uwnd suggesl an ImpreEIEDE I coroRen resisance,

Mwsmba wl ol EMecl of platinum groug melsl addition an Ti-4T-8 at-%l}

+ o =
5 Isothermal section of emary ThAkAu system al TT0C™

Cathodic madificaton
The introduction of prechous metale i plan TiAl
resuhal in a peneral improvement of corrosion mesis-
tunge of the Twd aloys by shifimg the comoson
potentials 10 nobler values. However, the cathodic
madification will be achieved only s [ollows™
{i] when the plain duplex TiAl has & small cntscal
curren denaity §, that will be casily excecded by
the current of the hydrogen cathodie reaction on
TiAl wath precious meisl wddition af the gven
passivation potential £,. See schematic dia gram
m l':IF I
(] ol the pasivation potential £ of plan duples
TiAl s sufficienily neguinee 10 llow the cathodic
component that has been imroduced 1o change
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6 Polemicdymamic scans bor piain TIAI [+ Im HCI
solmion ol ditierent concentrations

Table 3 Typkcal EDK analysts of Au canisining TRAD (Bve anafrses)

Alley TiA-1Ru

Elsméntal compositiontal-"5
Mrea Ti A (1] Possible phass
Crmal 433403 433803 1001 oy, G-phise
Plesri -1 4584+ 16 G417 7401 Tl (Ru}
Ciiped -2 458 4 -0 e 02 g Fl | o (RN
Light pihses-3 20403 AR 7418 FE+TE O plhaeis
Groy -phas e ad+08 aF5e0T 6-3+03 G pharse
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resuhal in a peneral improvement of corrosion mesis-
tunge of the Twd aloys by shifimg the comoson
potentials 10 nobler values. However, the cathodic
madification will be achieved only s [ollows™
{i] when the plain duplex TiAl has & small cntscal
curren denaity §, that will be casily excecded by
the current of the hydrogen cathodie reaction on
TiAl wath precious meisl wddition af the gven
passivation potential £,. See schematic dia gram
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7 Poentiodynamic scars for  TiAl+1-0ak%Pd in HO
sakition ol dilsren cancen bl oos

the cormesion potential S, of the TiAl with
precious metal o @ walue in the pasgve rangs
that & mone possirve than E, but less positive
than the poieniml asccmicd with the omet of
Lranspassive processes &,
()} when ihe transpmssive poieniml Ky of TiAl &
sulfaciently chotropoatve o allow 1 wide pass-
VIO FEgROT.
Table & shows the passivation reglons ohtained on the
plain TiAl scans in the three solations This region
decreased wath increasing solubion coreentrabon and
completely disappearad in 25 wa-2aHC] solution. Wihe ther
the cathodic proces of the TiAl alloved wath PGMs fell in
the active, passive or tronspassive regon of te plan Tl
was verifiad by comparing Lhe scars of PGM aloved TeAl
o the plam TAl scans. Figure 9 shows the potemtody-
mamic scuns of TiAl allovesd wih POMs superposed on
the potentiodyiank san of plan TiAlm 5 wi-*HCL Al

L] ¥ = o i a L=
A |
P’ [ — —— ol i
T s— — TR
!" 1 e s Ll
| e i e
{: ———
_..o—".’f-ﬂ
P s el
o

B8 Varialion ol corrosion polential sl sobalion concen ralion

the corroson potentials of TiAl aloyed with FGs fell in
the passke regon, suggesting thnt TeAl alloved wath
PGMs would spontaneously passivane in the 3 wi-S=HC|
salution due 10 cathodic modification. A similar trend wis
otserved in the 15 wiHCH solution, where all the
cathodic proceses of TiAl alioved with PGMe fell within
the passhation region [Fig. 100, 1t s worth savm g that the
same offeci was achieved with 0 1-0-3 at-%Ru or Pd
addiions to Manum alloys 0 sohtbons of -3 wi-
=:HCLY 0-2 al%RBu or Pd in 25 wi-%HOL However,
m the 25 wi-%HC] solubon, e commosion poten bals of
TiAl alloved with PGMs did mot miersect the plam Tl
curve in the pazssive region (Fig. 11). While the cathadic
procee of TIA] aleowved with phtinum and irdiem
intersecied the plain TiAl curve in the tronspassiee regeon,
the cathodic process of TiAl alloyed with palindiem
imtermected the plaim TLAD curve In the active reghon. In
cither case, this would resultl in alloy dssolution. This
belaviour of the alloys | the 25 wi-SaHCl solution
sugpected that it would be very difficull o improve the
corrosion resisance of TuAl alloys by cathodic modifica-
tiom due io the lect that the passrve region &id net st al

Toble 4 Test parsmatrs and resulting corresion pobentiaks, current densities snd comrasion rates

Samples H G- % e T Carr rate/mm/year E.ood MV [ECEN
Pain Tl g Q061 ] ]
Paain TiAl 15 130 1-181 =568
Piain TiAl 28 200 I Ted <52
Tidd-=1P1 b g o030 -280
TiAl- 1R 15 oo g == =23
TiAl- 1Py 25 [ 2160 254
Tial-1Pd 5 oo e .
TiAl-1Pd 15 0013 o117 ~ 268
TIA- 1P 25 003 oIT 268
TIA- 1Ry 5 0-ED ¥ 440 270
TiAd-1Fu 18 0830 B-270 -2
T 1Ry 25 1600 13500 =233
TiAl-1ir 5 0028 0 234 282
TiAd=1ir 13 (3] o755 . 1]
TiAl- 1k 25 it [ ot =254
Toble 5 Comesian polentisl increases with precioes metal addiilan

Carrosion pobentials’'my Potential increasefmy
Aoy By Eu Es AEg AF g AFsy
Piain Tial [ 555 a2 a 0 o
Tidd=1Pd o] - 268 -2 S 68 i
TiAl-1Ru =2 =238 =273 33 d18 238
TiA- 1Py 260 4 254 385 22 208
Tiad=1ir -28 -&72 25 az a4 na
Conresion Emglmepdng, Suence el Techeslegy 014 voudB w3
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¥ Efect of POM additions on pokwisslion scens ol Tiad
in 5 wa-%HCI selution

all on the poteniodyaamse scan of the plain TiAl
mmersed in 25 wi-YHC sobuiion (Table &), These resulis
showed that PGM alloyad TEAL would passiaate spomia-
neowsly m 5 and 15 wi-SWHCT solwtons, whereas cormo-
sion would take ploce in 25 wi-%HUL Ths was due {o the
fact thal a wery large increase in corroson potential
(Table 3} resliod m the cathodic recton of PGM
alloved TIAD imtersecting the amodic reaction m the
brumspessive regaon of the plam TiAl ond an wrcase in
current densty oceurred. This resalied in higher corrosion
rates in PGM alloved TiAl than Pliin TiAL although the
commonion pafenvtml values were nobler, a5 was the case for
TiAkIRW, TiAl-1F and TiAldr in 13 w-SuHC] solubon,
However, duples stainless sizel with (-1 at-*<Ru imves-
guicd both i low and hgh concentration solutions
showed gpon o pasivanoe ™=

Analysis of dilferenl parameters affecting
corrasion behaviour

Soliriion cancentration avd cormosian e

From Tabled, the comosion raie hisiograms were
dmwn as functions of HCOl concentmtion in solbution
und @re presented m Fig 11 These histograms show
that im 5 and 15 wi-%HC] solations, TiAl alloys with
mddrtions of pallachum. platnum and mdiom had low
corrosbon rates, indicative of good corroion redslance.
In 25 wi-%HCl solution, the cormson mie of TiAl
wlloyed with platmum was gher than ihe corrosion miz
of plain TiAl, even though the addition of platinum o
AL hke other PG Ms, shiftad the corrosin potentml (o
aobler valug. This observation supponed the Gct tha
the high incrense in porrosion poten tal of the P alloyed
TiAl resmlied m ihe athodsc process fallmg 0 the
trapspassive rone on the potentindynamic scan aof the
plan TeAd (Fig. 11). Figume 12 abso showed that the best
performance in oorrosion mprovement was achieved

Mwombs of 6.  EMect ol plitinus prosp melal sdd@ion en Ti=d 7§ ar-A1
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10 Effect of PGM additions on polwrisstion scans of TIA
A 15 WM Solilian
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1M Efed of POM addiions on polarisafion scems of Tial
Im 25 wi-%HC1 soiusion

with pallsdium sddibon. The addidon of |ndmm
resubiad in & comrnsion rate not significamly affected
by the vanation of HO concentration in the soluiwomn,
The corrosion rate of TiAl alloved with ruthenium was
higher than the comosion rate of plin TiAl even
though the addition of ruthenium 1o TiAL like other
PGiMs, shifted the corrosion potenial to pobler wloes
This ohservation is sirange a5 it does not suppon the
fact that ruthenium also promoted cathaodic modifica-
tion. Heowever, previom work has alee shown that
ruthenmum addiion tended to sl the potenbiod ynamie
scan towards high current density."

Accumulobion af precinus mefols on corroded TR ollays

The sccumulation of preciots metal on the surface af
TiAl can e explained by the cormosion belavour of
PGiMy a8 presented by Pourbax e of ™ Platinom,

Table 6§ Characienstic values ol polentials and cumrenl density lor plain TRAI

Solutian sonceniraaniet-HC

Chameteriatic values of potenlisl or cument density & 15 25
E i T 54 ~ iy
[ 28 138 2
Preidirkon =T Frowm —29 te —48 From —251 6 =138 =i
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12 Comosiaon miles of TRl aloys wilh PGM addlons in
£, 15 nd 25 wi-%HCl soluticrs

pallmhum, ruthenium and irehinm ore very noble metals
mngx, 1 the polental pH dagrams, thar domains of
stability cover most of the stability domain of water.
Acoonling 1o their respective potentiml pH dingmms,
they are thermodynamically siahle in the pressnce of
pguenus salotions of any pH wiih the excepbion of
simong oxdsing agenis and complexing subsiances. At
temperatures —15°C, they remmn wnoltered in the
presence of waler or in agueons solwions of cwwstic
alkalis.

The best known reagent for dissalving platinum. soua
regia, acis by means of a combmaton of codmng and
complexing actions. Hwdrochboric acid, which does not
ptmck platinom om its own, will attack it when il contains
chloring in solwion, because it then combines onidising
ond compleang achons. Agun regin 0 maxiure of
bhyvdrochlon: and orine acwds) desobws plaboam shwly
as chioropkatinic aced PUCLH: with the foomation of the
complex. hexachboroplatma 1] acid H-|PCl ) 6H .0,

Palladium 11 whanacked by water, except al high
iemperuiures, and 15 nol fmrnshed 0 moist wr. Non-
oxpdismg scids. scctc, hydrolluonc, oxabic and sulphu-
Fic ackds are withowt action at ondinary temperatures =
Irlute nitnc aced anacks palladium only showly, bul the
ewtal is corroded quite rapidly by the eoncenirated acid.
Al 25°C imdum s unpfineked by water, solubions of
causts alkabz, acwds and oxshsmyg agents, mxchudng
squa regea, Ruthenium is less noble than the three other
platinum metals, Although ruthen um i3 ol atlacked by
witer or non-compleing acida, It is eadly corroded by
omdmng alkalme somboms, such s peroasies amd
alkabhne hypochlonies,

The solutions wsed in this work were § wi-2SHCI
[pH <0 TIL 15 wi=%eHCT (pH -0 52) and 25 wi-taHC]
(pH ~0-821. In these canditions, tianiom and alumi-
nm of the matr and the preoiows metal nch pha s

13 Image [SEM-B3IE) ol sedece of Tikd-10a-%P aber
potenlindynmmic scan in 29 wi-HE salution

wefe expacted 1o be dismalved, leaving hehind partiche of
high precious metal comient on the sudoee (Fig. 13) The
EI}X remalis revealed that the precious metal content in
these partichs was very high {Table 71, suggesting that
these partcles were losing ttunium and alominium by
dissalutionn. The poor carrasbon reslstance performance
ohmzrasl with tlamom alummide alloyed with ruihe-
mum 5 m agreement with the conduson made by
Pourbaix ef ol *® thal ruthenium was lecs noble than the
ather PGMs md more easily corroaded. [n terms of the
cathadic modification process even thongh the corre-
sion potenfip] of Tr47:5 w-%A1 was shfied o the
pamave region by the mkdioon of ruthouem, the ex-
chomge correnl demsily was very high, explaining the
high comosion mie observed in ToAL-1+0 al-%aRu

The shilt of corrasion potentials 1o nohler valoes was
attributed 1o the pocumula bon of precens metals on the
surfzce of TiAl alloys, which sEmultancowly improved
the hvdropgen svobution dficency and inhiboted anodic
disselution.™ To conlirm these explanations, SEM and
EDX were conducted on the comoded surfaces 1o
evaluste the precious metsl content on the sudaces of
alloys subjecied io potentodymamic scans m I5 wi-
YHO solution. The corrosion lests cormspomisd to an
exposure of samples to 25 wi-SWHOl solutons for
1580 min, 30 min of which were in OCP. The EDX
resulis mre shown m Tuhle ¥, amd the SEM mages ane
shown m Fgs. 13 and 14 for Pt alloyed Tl and Pd
allowed TiAl respectivelly. Olverall, there wa s an increase in
PGM comtent on the surfaoe of the different TiAl alloys,
from 10 at-94 in the a2 caa alloys to a maximaum of 2.7 &-
% for Ko alloved TWAL Typacal bright phase puricles of

Table ¥ Energy dispersive X-ray spechroscopy anafysis of kght parficle phases on corroded suriace of different alloys

Pracious matal content in ightthigh inbingity particies of dilerent alloyidal-%

Elsments Titd=1P Tes=1Pa Ti=11r Tia 1Ry
A ad 7 453 Sk 433

Pt 137 . .

Pd Eg

It < f

Ru 13

T 414 45D 456 4xT
Tokal 100 i 100 Wil

Conmmion oy inawieyg, Sdence and Technology g Win A

g
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18 image (SEM-BSE) of surlae of TiA-10 awl aher
poterdicdynamic scan in 25 w-SHE] solulion

izl POM comtent are showm imFoz. 16 for Pralloyed TiAl

Simdlar microsmractuones were ohserved whe n pal ladium and
iriciumn were sdded o plain TiAl The PGM content on the
surimces of the different alloys m Table & shows o clear
increaze, conhimmag thai an sccumulaion in preaous metal
took place on the sorfpos during the cormosion process

Indrum alloyed T1Al showed thelowest incresse, whichisin
agreement with the moderate effect of the HOl soncenirs-
ton on s cormsion rate and de low amourt of phs
obwzrved oo the comoded smmpkea (Fig, 14)

Open circalt polantio! measwements

The OPC tests were rua for 15 b, during which the samples
were exposed Lo o § wi-GHC] solution. The remlts of the
tests are presented i Fg 15 ond Tabke 9, where the
corroson potential (mV) s eportad as o fusction of time
(minh in e open crewl, The general end wis a
conBnuous merease i the pormoson polental with e
b 3 valoe betwesn — 380 and - 200 mV, suppeaing that
the samples became bss acine  [daniom  alommde
alloved wath palbdiom showed a lape deorese
corrason potential in the firs 30 min, mdicative of an
increase in activity, followsd by 8 continnous incresse up
e the erad of the test. The carrasion potential at the emd of
thie besd remeined low at =286 mY after 15 h. Even though
TiAl with pallaciom showed a potential decrease from Do

Aleg b o7 gl EXTeit of platinem greup metel sddidon om Ti=a7 -5 al-%al

Par T
- i)
B
i Wikl bl
B
j
i~
= v vy
= mmn
i -
1 - | 1ma
T [P
15 Open circwl poleniial ounves  lor  TI-ATS BECA)

sligyed with vadous PGMs tested in 5 wi-sHC I

=31 min, the decresse remaimed higher than =350 mY,
which was well above all the other sorrosion polemtinls
abserved at | mun. At thad ume, the cormsion polenial
was = 50 mY for TuAd abloyed with ruthenum, =320 my
for TiAl alioved with platinom and —466 mY for “TeAl
alioyed with indium. Patmum aloved TeAl showed a very
high increase in corrodon powmial and wim abeve
=W} m¥ afler 15 h of exposure, Ths behaviour 5 m
agreement with the high camodon mie oherved with this
alioy during potenfiodynamic scan in 25 wi-%GHOL An
exparure 0 a relstively los aggressive solution for a lomg
dme would lead to the same nesalis 03 an exposure o a
moea geressve solution for @ short peniod of time. Irdium

amd palladmum alloved TiAl showed swall yorwbon of

P with time, indicating that the addivion of indiam and
palladmm i Tidl resulied in an alloy that showed some
simbisty towards the solubwn, This observabion B con-
astent with the low variations in comoson rate oheerved in
thes: allows iFg. [2).

The shill of P towands mobler or ks acioe
poten fials hefore sabilisng B psonlly stributed 10 the
progressive formation of a passve oxde film on the
saample surface during mmersbon. Stabibathon a1 sctive
poten lals is due o the breakdown of the passive film ac
dissolwtion tukes plisoe. The tesied samples did ot exhibit

Tabks § Erergy dispershe Xy specthoscopy mnalysis of alioy surface aher pownliodynamic bsis in 25w MGl
ol i

Syripee composition after cormalnn lestisl-%)

Aillory M Ti Pd L Ir Ru
Tidl-1Pd 528417 A5k 14 4409
TIA- 1Pt 30401 FE TN 12401
Tidd-1ir B0 £ 06 4884 04 12401
Tikl- 1Ry 334386 580 31 2T+06
Table 3 Slarling mnd finishing 00Ps
Opan circuil polentdal/mé SCE)
Alloy Potertial stan al 1 min Potential end ot 900 min Polential vakaionmyiSCE)
Fliin TiA| [ il 508 150
Tim-1Pt - 341 it 27
Tikl-1Pd Fa P06 2
Tidd-1Ru -6 -PHG 225
Tiid-1lr A5 30 126

Carrodlon Imgineering. 5¢lencs and fachaolagy mtd

walidd Mol
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potential ahifisation bul mibher a continuous increase in
potentml The continuous incresse in C/CP was doe o
the accumulation of precious metal on the surface of the
samples. As the smount of prociows metal inorcased, the
OCP shfied (o nobler values, Howewer, the displacement
af CHOPs Lo values in excess of the passdvation potential of
the phin Ti-Al alloy inlo its pasive mnge was &n
indeation that there was a moomdary process of
apantaneous pasdvation and oxide fim formation, or at
leasi partinl oxide formation, ako al play and contribal-
ing (o the digplacement ol the comaaion potentials of the
alloys comtuinkng PCGM . 10 more noble valbues.

Conclusions

Titanium ahummide of compostion Ti-47-5 at-%Al has
a duplex microstruciure consiaung of lamellar (% and ¢
alteroating  meliae) and »-TiAl phas grainms. The
troduction of |40 at-% POMs (plattnum. pallsdiom
and iridinm) resuliad in the farmation of 5 new phase,
developing more in the »-TiAl phase gams ami an
improvement of the Corrodion remsiance by cathodic
midiflcanon,

The cathodic modification was achieved in solu lions
of law nddic eoncentmtion. Plainum, palladiem and
iridium additiones 10 the TiAl alloy gave good result of
modificnizon of the cathodic process comresponding 1o a
spaniancous pamivabon of the TiAl alloy. In solutons
of high scidic concentration, the oddition of PGMs
shifted the cuthodic process o the tramspassve region,
resulting in the dissshubon of the alloy The cathadic
modificaron of PGM alkoyved TiAl occwrred as a result
of PLM accumalation on the surface of the TiAl alloys,
which d@malaneously improved hydrogen evohalon
efficiersy and inhibited ancdic dissohution
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Milling of titanium hydride powder and aluminium
for the production of TiAl with ruthenium additions

T.A. Mwamba* and T..A. Cornish’
Fhfimtek
"University of the Witvestersrand

“Dilanumn alwnmmcle a loy posder ol sompasihan 308 ol AL xoal % Ho (=l 02 LS,
T3 was 11'r¥|_|u1'e-.r'l I1:,- 'r|ri'||i1|g diisrdnn il}'l"l‘i‘.:t‘. |_1|1W|Ie-:r o Filamionn elamenlal lxmn:lr.'r
topether with alominimn  elemental pomeder and motheniom spooge powder. The
mechaneslly allowed pewder was characterized for appareut densify, partficle sizc and sizc
bizlrihuslinn, 11,l1'l'i-:!h.-. ||'u'-1'_|_1'hu'|||g:,.'_ T e, s anrsliomes W lIL‘HI'i1Ig__ anird h=g'h_
temperatre oxidation belavionr.

It wraz cetablished that TiAl alloy can be prepared by milliny. The mechanically allowed
powders bad an appaccnt deasiny around 1.0 glem’. The wse of tracium bypdride resuled o
anzular amd rounded paticlss with a himodal disuibmfion due o @ high level of
agzlomeraticn Fiwe particles, smoaller than 1 pm eercas wore obfmined, and they cither
agglomerarzd 3 form larger particles or bocame satcllitcs to lsrge paicles. The wse of
elemosulal Gilznivio powder mesulled o Make-lke pemicles showing o ioowanodal
distribution with & lree mean diametor. 'The addition of rtheninm improsed the bigh-
tomaperamce oxidation bebaviowr of the TiAL alloy poseders. Heating o 1000°C in air
resnllend v (e Tamnadion ol TEAT LA, ALOR, and 190 for e roheminn-ee jeeaeler
and pewder containing, 0.2 at % rotheninm. Ln sddition to thesz phasss, pewdors containing
0.5 ab.% B or more showsd alzo BEnal and a ternacy phase ¢lose o TiBu Al

Inlraluedion

Titaninm aluminidz TiAl is & component of allevs that kave been onder extensive investipation over the Last thoes
docades baeanse tisy bave potentisl as acvospace materizlst This iz due to their higkly refractory mamure, low
chemsiles, gy spocife sirength, bgh meling lerpeniome, amld coaranrenlal revsiance al clevated In.'lll;h:;ralll.'r\cn”'".
Breaklhronghs e the mvesl gabhon ol e Ul bave been aceomipliched, leachuyg o very miberesimy aabas ions.
Howroezr, many obstacles necd 1o b oicrocme o achicwe widesacead production and applications of these intcresting
Jll.l“_\'ﬁ. IqIIILIIIH I.]ILF 1|.i“—IL'II“.i.L'n.'i IIi.IILI.LFIi.IIH “ILT- [| &1k '.I‘r Ii'}llli.lllll iIIIIII illil].’ﬁ LS ||I\. ||i|-|—|.1.'|.|] |.iLT-1 iII H_'f'llu H.':Ii."..ll.u_ |IILR.“LF HI.I‘F_'{:{
Ly the brashilvsal mrethocl of el and casime, resadimg e e esplorber ol olber preclochon lechingoes such as
Tiehariceal .'.u'l'ln}'ing” Chnding Tezale 1o wegregatinon and poer mschaneal 1:ITI'|1'I.'.I'|'it‘.'\-n a

Data availasle oo the syotaesis of fitanium alumowides and other alvminides indicates that mest mechanically alloyed
pormeclers weere produeed frosn elernantal powders of Barmon, tran, and wickel i eombanaion salh alominoon!®™, A
work |:|}' Tasishin e ol shawed sl e s of o hg,-tlﬁ-:'l.-r.-. nslead ol eleanenlal Blamimwn in IHTWI!E‘- mrixlres
with alominfme, resultsd in a sipnificant activation of diffusion, and led to an accelecated produeticn of sinple-phase
titaniur alnminides 1pon isothermsl beating L itaninw bydride = alse soeceasfully naed to propare o LT, allos®
The ransiormations during syochesis incloded phazsc feematior, toral oc parial smorphizarion and pacticle size
el dawn o he i neier sl

In this wedk, titaninm slominde alleys powder of composition Ti-47.3% st Akx at %% Bo & 0,02, 05,15 yand 1i-
AT 5% at AL 0.2 at % Pt wers propaced by milling sitaninm hydride powder or titanim clememal powder tagether with
wlomcnlal wlw wimione possda sd vod e o oo gplatinn sponge s, This connpaositon rnes wies clioss e ses e
offeet of ntheniorn of platinum o solid sedution and afrer precipitstion in new phases. The mechanically alloved
powder was characterized for apparcot density, paizle size and eize distrintion, particle morpholeny, mizresuuene,
LTt ion s ugion hizaliog, aond Togle engecabne oaidintzon belsvio,
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Lxperimeculal procedure

'owder preparation
Titaniom hedride poeeder CUiLL-Y of 98.0°% pocty and -3 pm. elementz] alnmwiniu powder of 99.7% w0 '% pocity and
537 g mean size, and precious metal aponpe poreder merc mixed in a planstacy ol tor 15 minotes with £33 o %
steasic aeid az the progese coutrel apent (CA). The total weinbt of be powdare and the process eoutrol zpent omes LG
g. The inixing wees dboae 1o achieve the aleanie proporfizas Snven m o Tatde L

The pevander mrixhime aas Gen immslemed inle o prinding jar ermiaindng 800 e al 2000w dineier siinles es] Bal
and 200 2 of 10 wm diametes stainless stesl lladened & lempered Sfainkess Cloomium Stesl - 0% 420537 balls
uang A Lall Lo powdes i [BPEY of 170, The porwder mmalor inio the grmabing mnll was corred o i glove bos
unider s mgen alncsphere,

Thes arriwtimes ol 1 aminm beaalricle powrer CRTL)L elemeni=1 alaminivmm peawder and pracime rmeal peewder aens em
millsd tozsther in a Betseh Mil Machine PA1CO, e tarpet material being v~ and pareed a follows:

«  TTL Al 15 iemanan beydmee alarndn wmn poweeler rmllzd Toe 16 howrs

s LAl A AU ol M Dl becbndes o mnmranen proveder inllsl dor B0 s sl 6L ol % B adch ben

= TE-ALZLDZ al % P Lilaedmn dlhoriod ans posaler milled o 20 Toars with 0.2 205 FLaakdilion

» TiH, AL 32 rat% Bo: dranm hydrce shavdoiom powder oilled for 32 hows with v at.% B addition (r — 0.5,

1.0k and 220,

III ||'|1‘1 “'irk. r|1'_'.|:||:|1|'i|.'::|'|:.' I”IJ_\'\L'EI |:(I"r|:l‘|.'r il Tnirrl\:I'I'CAI. lar a% L{‘x. |:':I'lr|:h.'r.

Tubibe I Klemaeniul comipasition ol the ullays

Compound Content {at. 7%

Ii Al Eu It
Plair TiA1 3r 3 47 5 - -
En-containing TiA (Pt-containing 1AL 323 47.5 0.z {2.2)
Ru-contaimng TiA0 310 47.5 s -
LFn-containing Tifd il 47.5 15 -
Ko sembamug Tl ¥lh A4 i

The dffcrzot MA powders wore subjoeted to hoat treatment at WC°C for 1 bowr. The temperamare 27 was choscr
is leoldime lemperilune e 1. 1 walban Lhe lerngerilme rimsze where o shillusnon s eapecied o Gike place.

Pawder oharocierizaifue

Treqeertics cheraclomiced wors apgrerenl dewsity, perticle siee, s chsinbanon, pelicle werphaelogy, amd chicrmcal
porpesib. The appmenl d=nsaises of the e letent mrslres were delermesd wsme (be Ameald gnsmeal densaly Tiel=r.
The sive and size dist-bulion of powiler patlicles was dstenired by Taser dillraction waing a Mzlverr Maslersicerl
2000 in the size range of 0.02 2000 pem with watcr az the dispersant The particls shapes werc doetermived by seanning
clechion miceseupy (3RM) un the FRET Muva auoSEME. The XRTE analyses wore vonbaeial wille @ PAMalylical
X' Per. Pro powaler diliractameler wiih ' Celeralor detector il varuble tivenzence and fixed recetvng sl with Te
filtzred Co Ko radiation. The chemiesl compesition of the powders and phiascs waz detaomined using a eombination of
3 raw diffracticn (ARDY) and encrgy dospersive X ray spoetroscopy (EDE)

The meclamical alloying proosss was sviluabal by o condanation of KRTY aml ailferential scanmmge cluimnmetng
(L¥5C7% 'lhe hiph-temperamse tansformation and oxmidation behavionr of the MA powders was assessed by
thermopravimewic analysia (1A The DaC and TN wrere conducted in a Metzsch ST 429 stnament.

BResolts and discossion

Powder characrerisaron

Apparars densisy

Lhe apprrer | denealy ol powder was b #0101 giean’ lor the pewcler odiamed by milling alwnmwn walk o lemor
brydricie, amd CUB6 005 g.'n'_'Tllal T B A poweler olilaine] By omillingr alunivium with eleanesntal o poades. Since
ih= ApgeETeml :’ten\.'il}' “u 'I"ig'hl_!, cl:e]_r.ml:-.rll il ite Ilan'l:'ing nl ite Ilnuwler |_|u'r|'i|':'||:-.s_ il wwas anli::i:»ln-'l Iha ||un'lc'i|1§ - e
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povmecder ubdaned with clanium el promechor woudd e letler than packing abiaimeld with clemen G it posaler
Low spparent denzitizs are also hwewn to coour In powdor with 8 very naoew size istribufion, and high dewsifica ic
porcior with wide size distibution of a biroedal discibutiop+,

Paritode size wad vize divteibulion

lar Lhe dh erenl MA pomsclers, Dymeal slab shal pannneers ol the s dednabohom are grven m Likee 1 imal b pethole
distrinrtion curses are given in Figaees J o 3.

Talsle TT. Statistical parameles> ol the parlicle sice distrilbaton in o lifferenl MA powders

Slalislical paramelers Towder
I'lain TiH-ALLG TAL20- 02 TiHa-A1 2002 liH-~A1 32-1.0
ar s at.%:Ru at.% En
D131, pm 5] 1GL7 180 1A%
7] pm T8 P Ex 1=
_eljepnt ] .9 7 5
ot 11 MLE 113 10
T 1410 JEN.2 A7 kel
Spoe e swrlues arca, -nife | G339 I .2k LR

wihiere:

e DB alnme moment oean ar De Brovekore Mezn Diamerer gzfoets the size of those pacticles whizh covstinite
e BTk ool e samigede wolures. i noesl sens Hee L e presence of Tarpe pemicclal=s e siee Bsiritadion

v O Suter meaw dizmeter, defined as e diameter of a splere thar bas the same welumefsucfaes aed 1acis as &
Ll aal inbaresi

o Tl ol e parbicles are smalker than oy anc 0D wlS, are Lrges than o

& ahen Also kneww e mietim cinne et o1 meshurs value ol parbiele doameler o ssrbicle dhinneer or see viowe
ease where a comulative distribntion percentsge reaches 50%. 30wt of the particles arz emallay than &, and 50
wtde are largor then o

* ol W wl% ol e prn el @ne smallen than oy 10 w b5 ans Bopea than oy,

The shapres of curves indicatzd he tremd af the pariicle siee -nothe peesders chitamed wath manion hydnde. The thres
powecers shiowed o e looa bimedl chsimiobon, dise b the apglmuetahon e e powdere. bnophan Ll Al 1S
Ean'\m:.er, sup) I'I'm.l.:_rh e curve showed o bimadal distdbotion, Fere were amore ne ]h:lTl.‘iI.'"ll:'i hian coarse lmrlju'les
(I'igllrt-. 1 el Tahile 1]

The TiH- Al 20 0.2 al % Bu powsiben shiovecd D lighesl ppoak sewands coaee potivles, medlice g g @mouanl of
applomcration. THIT, A0 0.2 w % R hac srems agglnneralod particles than e i TITT, AL LS (Tabils T1 ane: Tgune
2}

The powdze prepaced with clemental titninm poveder (Ti AL20 0.2 at. % IM) showed a monemodal distribotion. writk
o g oo aliz e, Tndical e ol Digeleaeelon waativn (Talide T amld Fiems 30 The agelon st o5 st weas conlinnme.
by the bagh walus of the Sauler nean dhaneder and the low valwe ol the spealic serface mreae The applomoration amd
Halisemmy o pErieles s beheved b be e readl ol ssiensve aneamgr ard eolel weldmy sl small parbeles, bepnaal o
tluekile roelal s sichoas Llam wn aud aliomdm wn,

Prowiler TTill-AT 57005 a1 T Ho chaswenl a0 iremal smilar o Ui1-AT THAD T w2 B Clahle 11 and Diome 4} The
pomeder chiaiped abter 32 houes of willing gave the hizhest specific surface srea, odicating the presence of more fine
parliclea. &l 32 hoors mal g, srmlar dats sere cldainced with BA powecdors frome Tal T, el alomanimn sa the adidi e
ol T amel 2400l % K,
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FParticle morphelogy

The morphelogy of particles in the different powders is shown in Fignres 5 to 7. These micrographs indicate that, im the
cases of MA powders from TiH, awd Al the powders consisted of very e particles of mostly romnded bregulac shape.
Anaular shapes were also visiblz, Many mdividual perticles were smaller than 1 pm. In the midst of the fine particles
were larze parbecles with size varying from 50 to 500 gm (kFignre 1), The lazge particles were agglomerates of fine
particles [Figures 5, Sa, and 7). Particles in the MA powder from elememtzl Ti snd Al powder were flaky with a
noticeahle appearance of smearing (Figore 6b). The difference in moophology of the panticles in the two powders was
doe to e brittleness of fitaninm hydoide particles and the sofiness amd ductility of pore titanioon partieles. Titaninm
hydride particles resdily beoboe tuto smaller rounded irregular pertielcs while pure tlitaninm smcascd and fatbencd.

Figure 3. Typival SEM snicvrographs (a-BAE and b-SE) of plain T3 Al T8 powder

207

260 |Page



Preciows Metaly 3013

Figure &, Trproal SEM micrographe (o-B5F and b3Fp of (m TR AT 002 a1% By ond (k) FroAl Muei ter 5% P,

Figure 7. Vypical SEM-HSE wivrsgraphs of MA TIHI-AI 52 pawder.

Phase identification

Phases fommed during mechanieal alloying and after keat treatment of mechanically alloyed powders were determined
by & comtination of XRD and EDX analyses. The sesults of EDX are sammarized in Tables T and IV, Tlee resalts of
XEI analyscs ase preseated in Fignrees B to 15,

In all cases, the as-mechamcally alloyed powders showsd XRID patlems with expected booad peaks, indicative of
tmall crystallites in the powder particles, as & resnlt of the milling The formztion of the target alloy was difficolt to
ohserve as it was diffienlt 10 idzatify with accuracy any capected phascs and other phases foemed concurrently during
malling.
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The as machonically alloved TiH. Al 20 02 ac% En (Figoee ) dic ned show zicher TLAL {oy) oo y TiAl, although
b rilawin-n amd T, hnoarl [lr.'-lc'i were s visihle ~n almdrdnn [n-:ﬂc wrn vivitle, 'i1|rﬁ:':-|l'11g Ihe lissasloticon nf
alniniun e fitapiom, The ALY paters also showed the presecee of Al as the resolt of reaction with oxraen o the
air. 'lhe oxyeen k2 believred to have coutamninated the powdor dardng millicg and'er bandling g craticas.

Aller heal reatmuenl al YU Lar | Bowr smal lomizee coobng, The SHL pmallern of e Tl AL LS 0% Ko poosster
(liprwre 9 showed very mwrrow peaks of TLAT, malicalive al erysiallization. Peaks of alurviniumLilarion eartibe AICT T,
wete slay wikdlle AT, weiv Tomned 'I!-_'.-' e reasi m Telwssns

TiAl+ 0 o AICTH,

Carlson aas present sx 5 resoll of comlamimation by the carbon af the slemic avid which was el s the mwess
comtrod agenr (PICAS, Srearic acid is a fatey azid with an 13 cactbon chain, whese moleznlar fonmula is C ) H, 0, acd the
ahraciural Tuomnla i CHOCHL) OO0, The conbanmaticon by e TCA was inevilalls, as onilline, wonld mal e
comclue el wi thonl T A,

Mar ritheaumn o rw hennoan coadimmmg phivie peaks were wiable 1as rechameally alleyed o heal lreated "1, Al
20 0.2 a1.% R powdcrs, suggesting that ac 0.2 an % B, 1 the mthoninm was in sclid solution. The appearanee of TiAl
e o e KR il ool Ui e bcated puoeasdes seaes clws o e dodsbe d st ol alaonimim sl Slamio o o lal
o lhe trems femmidaon of the o salid seluden o alomanion el TEAT crystaly aead the saleocguen D growth ol these
aryalls

The presence of AT, was conlimmed Ty LI analysis, abich showed the preseree of crbom in gl e possders
aller beal remimeni CUabde T OPX alse shiomer] (hs [IreseTice nl P, €7 anrl Wi i e 11:1l.w'|:-.r. ENET lh|||||:r.'I| L) |_1:ealcs
of phaszs ¢ontaining those elenents wers visible oo the XM petberns. This was an indication that hese elerents were
i osolad solution, loth v the as neclimuslly alkyal amal e beal ircaled pewclers, Tron, chmanmam sl ekl
angmaled Irian lhe prmcmy redi used i the rinldhing srocesse. These pmwhng balls wers wmade ol ekl elmaanmom
slatrless skeel amal so conlarimration with Le, Or aml M9 condel e exl:lzl.'i.b:'l, i mechanvical :.cl'l'lu:fi1|g, Al e level of
contaminants inercsses with milling fime™. This was the case o this wock, & shown in Table I The loewel of Fe
meicased Tean 12 al% jo posadar owilled Toe 290 I ke sshossl 4 al % alwe aoomilling e 32 Tow s, The levsl of
chrmnimn zmil wekel nenssed Troon 000 ol % aller walling Goe 20 bors b 007 2mal 0% a0 2o a malling tine of 32
s, s, Use conbmmmnd comlenl moressed walh wolling hane.

A the mthenwium emdend in e aneclers inereseail, ruthemimn-contining phases apeeared on he XRID palems. A1
(20 % R, the R patierms did w shreas 2y rotherimr-coaniaining phass peak in se-mechaniesaly alloyed comdiion
and after heat mweatoaent (lipmees § znd 93, At 05, 10 and 2.0 at 3 Lo, the XD partermns of the heat treated poeeders
ahivwe Bl smd T B, A0, peides Taggures 10, 13, ol 157,

The XKL pmilerns ol s S04 Tl A1 E2 200 % K were sionbir o he palemns of olber poseders il ler mnlhng, amd
shweer] T4, TilL, ALy aud Eu Elu::'ks ul'l-.-r1'||'iI1'ir||:1 []ﬁgur-: 14} Aller haal treatrnenl, e MA T IL-A 32- 200 20% BRu
svwrler shiwed TIALTT AT RoAd and TR o AL, paeakes (D 15 The TR AT peabe s nal clesm y wedble ATH
aml Tl puoakes weore el proscol, slowing, U Toonation al e comprnals dwong eal beatmeant. AT and TN e
tslwved 1o be e resell ol wir comlemmnatan dening hoat reahneol.

The B powder [-A-200.2 al % pooseler preperecd I lemenla] wvaders ol blannon and alurnmm rave an
MR pantern whiers T AT amal P1opreaks were wisilile inihie as-mechamieadly allogest ermabitiom [(Uame 16 Aler el
suatvienl e KR patcn sluwenl TiAL AKCTL aml Tidl peak- (Fipwe 17E The slaonee of T peaks o e Teal
reitod prowaier wess an mabication that TLwas cotmely inosolxl selution. Tl ERTY paltormes of a4 mcchamecal by allayed
Talls A pewveclers arnl el oe T, M0 smad 32 loers showed brood ks, ppacl o msl] erpsalbles ind (e Begameany ol
A o,

A dypical wneresmenme of hesd mesied T TL-AT 37270 a0 % Bo peastler s showan in Pippors 18 A Ro-comiaiming
ahaze is wisible as whits fine parficlzs oa ageloerate pateles. The fine patickes wers in a sintered condition at S0 C.

‘The contsminants listed “o 'T'able LI =epe Lot oot to givwe only titeninm, alomininw, and En a3 constitutive clements.
The resnll ol He madihes coragosthon are reporied o Lalde 19 Droan Pablle 1 imel the sshie duogmnen o Lrgere 19,
he mricrosioec e ol a1l e 1ur|ic1e-s Analysed vonsisied o TiAL and +TiAT a6 e uLmlllns.'iJ.'iull [l i e ranire AR50

a5 Al., correspording o e dual phase regian™.
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Tahble IIL ED'X analyses of the as-cast (BHT] and heat-treated | AHT) pewders

TPuwuder Uy pp= Cumpusilivm Cal, 5 1
Ti Al Hu or P Lre 5 Cr Mi

TIH.~41 0

L1El 16.0 23 352101 - 1000 128115 - -

TilL. AL XD

AITT 451+ Fhel4 |2+ 1E.5=1.1
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Trapsformetnas wpur eadug amd blph-empe reiers wrtdeaflon befoviune

Pramsfimanaticons upen hewing amd high-lemperaome nxidadiom ol the powrders aere eemvines] Ty simoliznenies
hlTerenbial scammmg caborine my (ST sl Ciermogmarecinie analys (TGAY o e powikers.

Igure 1Y shews the onress o "Dl L AL TS and TilL, A 200 1% Hinand lagure X0 shooes The curess lor 1301, Al
Fowith adidivier ol 0.5, 1.0 amd 200 22% B 'The D600 curses o Pigaees 190 amd 2000 shoseedd a0 Tmaad smal shallew
sruhalhiermiie l'ma'l.' in The BINDETA NS THT e FON-527YT ) wbieh s laken mm«x]_'u'mrl e slress —elaxaiion Ay dhe
temperature increazed, thers were twoe exothennic peaks in the tapgs of TO0-720°C acd PLO-RE0C, The exothermic
peaks obszoved in the T00-T20°C raope ae believed e be from the Sormation of 'LLAL TiAl and TiAIC. When
larmanem ol 3 usw corrponnd lakes place Imm mseharneal v oalloysd powder dummme healinge wea 100 or DSC el the
Tl eleased gves mise Lo snoexalli=rmic ]_:eal:"'m. This chiservalion . congislenl il e resolls of KR amal psis of
Tesni irealedl poosiler wlvich exlibies’ 1AL TIOAT, aeed AT dhrer pliaces ol were zlsenl in the inechanieally-
allewed pomeder and were £aoupht to have formed durioe heating of the powders [he peaks cheerved in the FL-PE0C
wirs froan reerypstallizalion kg place e powsser psmicles,

Lhe alvsenee ol endalbemme eaks comesgondmez L the melbng poml of slummonem mdsealed thal aller o ool
milling lime a7 V6 e almnirinem was iw solic soladime moilan e edll, in sorne cases, sone resddisd T or Tl e
obzerved on the XRD patterns of the mecharically alloyed powders.

Tlse sbsencs of XELY TiyM] pesks i in apreoroont writh Survacarsyana, wha coold not svothesize i, evon atwr s
vary lonp poriod of milling, from TiH, and TiAl powders [18]. o the encrent work, Ti Al wae also absaot in the MA
powders obtained wita TiH, and alominivm povsders as rae oaczcials.

Vigimes 181 amrd 20Fr are TOA eorves shonvdnge Bie micss changes Mal neentred wi boincressiog iemrperaime Parwenbr
temperamures (SO0, 9307, ;nd 1O50MC) wrere selectzd, and the mass chanpes at these temperatires assessed. As a
peners] wend for all powders sbiained by milling 1iH, ard Al the 113A praphs showed mazs losses from abort 18040
Lax BLHICD "Tlez rnass loss olesereed ol the sarly sbige ol the T ran was lromn the sksermiprasiion ol resadual bl
1l_||-(l1'it1I:'. HE:,‘L'HN' WX, The x:-nnIl'I.r_-s; imereasel T ornass LE il TSP, whan each rion was s;ll:-]_:l:ucl.

Vigime 20 shorvess] that T TL-AT0 5 a0 5 B bacd e biplest mees inerease alall selemerd leanperaieses with 5 5348%
mass merezse at MOFC, 302% a0 55070 and 16,635 a1 LASORC, followed by ‘Till: -AK'2 1.5 at’% By with 1.57% mass
inercaze az SO0°C, 807% ar 93070 and 11.06% at 10500 1The "TiH, AT32 20 ar% Fn powder exhibired the lowest
mass merezsc witk L% mase inercase ar WPC, ST af 930°C and 8.52% at 10S0°C. Given that the mase increase
leerved wos e Lo nx FiET [ri::L'-llIl I::.I e Ail Terenl ]xlu.'l’-e-n_ A ds ewiclen! el "1l L=AT32 20 20 % Ko owa th the ki gjl:—.\.l
mitheniim comtent exhibitzd the lowest cxvpen pick-op. This effect was more visible wben the teropsranue was
ingreazed w HSCEC, These obssrvations showed that a3 the nithenior conten wras ivcrcesed, the oxidation rezisthoes
of the poweder was inercased. The resalts of DEC and TGA hase shown that 9007C was in the emoperabwe saopes (570
) where agelomcracon of particlos took place.
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Chomclusion

Tlermental ilaiarn pewrler or oo bydede powaler (T werne rdsed with clernental sbormmarn pewder, and
millzd for mechanical alloving in the prescoce of stearic neod a3 8 proccss confrol agent. These powders wome
charactzrized for the spparcwt density, pamicl: size apd size distisatien, particle morpholops, microetroemoe,
transfornzarions npon beating, and high femperatwe oxidation beasviovs. The fallowing conclosions weve drawa
+ Moclanical y allvposd powsions Tael vy Tow aposmcol deosity soend |0 pfan’
+  Mocharncal v alloped powders alibaued with vt hyedrides cxhilntod o Inmofal dast-buien dee iooa lngh level
of apelomcration Paicles smoaller than 1 pow sevoss wrere obained sod they apelomerared to forn larcer particles
13 Lz SEF
* e rncrpliodogry ol e nidThed partieles wes roniced zmal angalar, wirth more roarded particles anang e Foes,
Ty oveurred Tor L% proesders oblained wile T, powder, while pure dtanivm gpave MA powder consisting of
Mk Tke pathiclos
* Py parhonlor phose waes viable wmolbe inechomeally allopad peoscler, aral heal msebmenl ol SWECC ar |oboor
result=d i e Fommatiom of TEAT, TEATC, ALY smal T30, tor e metheninm-fres peowder and posaler contaiming
1%l % rothewitmn Tnoadiditiomn o hese llll:l-il‘:ﬂ._ l'ilmth:‘.‘f'\. n:u'rnl:-"ilﬁng % a5 Bar moere also shovaeed Ho AT aurd
the TLlinALy temary phaze
* Aller Foal reannenl, poesclet chiianecd Troan clemedal Barmwn powder conqariacd TIAL To AN, aral Tighl
s lommesl ding heal recibrenl, s lb ereslsl el on oeewrmngs Bebwesee S el TN
* e il lmmperalnre cxddation tesistmee inereased will the rdhenin contenl
= Poanlar with i 3an % P shower’ o hehavionT cliase inpoaeder smizining 0120600 % B
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