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Abstract

o-TiAl alloys are a family of intermetallic compounds which, thanks to their
excellent physical and mechanical properties, anamusing big interest irthe
aerospace and automotive industries. In particular, they are consadexdactive
alternativetonickebased superall oys due to -a | ower
TiAl alloys and 8 g/cm3 for Nbased superalloysthat makes their specific
mechanical properties comparable to those of nibkeked superalloys. The low
weight of these materials allows to reduce the overall weight of the aircraft engine
component or automotive engine component. As a rasidtpossible to enhance

the components performances and reduce fuel consumption and emiEselosy

w e i g h-TiAl allbys, @ will also contribute to achieve the targets for fhetn

and emission reduction proposed by the European Commission and NASA.

The most applied conventional industrial scale processing routes for titanium
aluminides include ingot castingngot forging, hotrolling sheet production,
investment and permanent mold casting and powder metallurgy processing. The
processing of titanium aluminide via these conventional manufacturing methods
can be complex due to the low ductility and fracture toegk of the material and
casting process is an expensive solution and presents several problemstisech as
reactivity of the molten material with cerami@$ie Electron Beam Melting (EBM)
additive manufacturing technology is well known and consideretiéqorocessing
of TiAl alloys, in particular for the aerospace application. This additive
manufacturing technology uses an electron beam to generate parts by selectively
melting the powder layer by layer according to CAD data. EBM technology allows
to prodice lighter and compleghape components with a minimum material and
energy waste.

The goal of t his t hesi s was -TiAb i nvest.i
specimens and components produced by EBM the heat treatments -sgt in
order to optimize the material properti€&nce the starting material for the EBM

process is there-alloyedpowder, the characterization and the optimization of the



powders was a fundamentateliminary step in order tagguarantee a successful
production of the final parts.

The experimental activities are related to four different TiAl alloys, three of
which for aircraft engine application that are the248 alloy (T+48Al-2Cr-2Nb
(at.%)), the HighNiobium alloy (T+(45-47)AI-2Cr-8Nb (at.%)) and the TNM alloy
(Ti-43.5AF4Nb-1M0-0.1B (at.%)) and one of automotive interest that is the so
called RNT650 alloy (F48AI-2Nb-0.7Cr0.3Si (at.%)).

The TiAl 48 2-2 powder reuse investigation has demonstrated the possibility to
reuse the powder up to six EBM cycles without a sigrait pickup of
contaminants, modification of particle size distribution, flowability and apparent
densityduring the subsequent EBM jolhis achievement means that, by reusing
the powders for several cycles it is possible to obtain a considerable advantage in
terms of cost and material savirtgowever, itis important to specify, that it is
possible to mix the recycled powder with new pewbetween different cycles in

order to maintain the proper powder characteristics.

The effect of the EBM processes parameters on the TiA?-Z28material
properties has been investigated by varying certain building parameters according
to a Design Of Exgriment (DOE) matrix. The study hakown that i) there is a
parameters combination window in which the amount of process defects in the built
material is very limited, ii) inside this window i# possible to perform a further
fine parameters tuning in @er to obtain an homogeneous microstructure and limit
the evaporation of lownelting elements such as aluminum. In fact, this study has
confirmedthat the aluminum content and microstructure are very sentutitree

parameters variation

Regarding the '8 generation TNM alloy for aircraft engine application, it has
been demonstradethe possibility to process it by EBlbtaining fully densified

parts and, after a proper heat treatment, it has been possible to obtain the desired



microstructures in order tomprove the mechanical properties of the material

according to the application.

The RNT650 alloy for the automotive application has been successfully
processed by EBM and both massive specimens lagidweight hollow
turbocharger wheeleavebeen produce@nd characterized. Also in this case,
propermicrostructure for the application has been obtained by means of a proper
heat treatmentln addition, the characterization of a turbocharger wbkbaft
assembly prototype has been performed and it has shgwomisingjunction
quality with a complete adhesion and without the presence of any defects at the

interface.

Regarding the air cr-aiAltbig pan gfithe eesearghp | i cat i ¢
activity was done in collaboration with AvioAerwjithin someEuropean and
Regional research projects. In particular, th&24Balloy as well as new generation
alloys such as High Niobium alloy and TNM alloy produced by Electron Beam

Melting were investigated in the fraroéthe European project BREAK.

Considerig the automotive applicatiothe part of the workon the RNT650
alloy was done within the European project TIALCHARGER
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Chapter 1

Introduction

1.1 Materials for high temperature structural application:
development and present status

Since the beginning of civilization, the knowledge and use of materials, together
with energy, represented the most important instrument to improve the quality of
life. Materials are all around us, because all the products that we use are made with
them.

The continuous progress in engineering constantly requin@spaiavemenbof
material properties, especially to operate in extreme conditions. For this reason,
material science and engineering are playing a key role to develop new high
performance materialgith properties that allow the realization of technologically
advanced objects, devices and vehicles. The challenge is to push the materials
properties to increase components performance.

For some specific applications, one of the most limiting cond#ibwhich
materials have to resist is temperature. Considering the aerospace and automotive
industry, there is a simultaneonsedfor lower weight and higher temperature
resistance in order to obtain a better engine efficiency. To increase the effidiency o
an engine, higher temperatures are needed and a suitable material for this
application must have good physical and mechanical properties at such
temperatures. Unfortunately, most of the conventionaénas$ such as steel and
alumirum alloys cannot saly the requirements to work in such conditions.
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However there is a group of materials that can be defa®d h i-tgmperature
material so that, thanks to their chemical
excellent properties at high temperatytg§2].

Commonly, materials are not characterizad classified in terms of their
temperature capabilities, in fact, the materials for tteghperature applications can
be metals and alloys, ceramics or composites depending on the requirements for the
specific applicationOn the other hand, for the mai@s scientist or material
engineer can be very useful characterizing materials according to how they perform
under certain thermal conditions because it is a way of narrowing the field of
possible candidates suitable for a particular application. Howewleat is the
temperature that divides low and high temperature mate&ais®though there is
not a universally accepted temperature, most scientists consider materials that
maintain structural integrity above 600°C as high temperature maf@iials

12 The new chalenge: Greening the propulsion.
Environmental and energy-saving politics and EU projects

According to the Intergovernmental Panel on Climate Change (IPCC), the airline
industry is responsible for an estited 2% of the global mamade arbon dioxide

(COy) emissions. For the road transport, the estimated percentage is around 15%
for cars and vans and around 6% for heduty vehicles of total EU emission of

CO».. Nowadaysthe aircraft and roattansport emissions are regulated. However,
the huge increase itraffic over the intervening peripdorces to reduce local
chemical pollutants, specifically nitrogen oxides (N(3{J4].
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Land use change & forestry: 25% . Cement: 5%

Building light and heat: 20% Industrial processes: 3%
Road transport: 13% . Air transport: 2%

B Other electricity and heat: 12% B Other industry: 2%
Other energy: 10% Other transport: 2%

. Chemicals: 6%

Figurel: Contributions of various industry sectors to nmade CQemissiong4].

In 2001 the Advisory Council for Aviation Research and Innovatidaurope
(ACARE) published a Avisiono for 2020; thi
burn and perceived re®, and 80% in landing/talaf NOx emissions compared to
the yea2000 leveld5]. Furthermore, withthepr am A FI i ght Pat h 2050
the European Commission established the reductions ebtue| noise and NO
emission of 75%, 65% and 90% respectively by 28%0In the U.S., similar goals
have been proposed by NASA yf 02r0 2t5H e afmN+ 20N
(serviceentry 203035) generations of aircrafif]. The ACARE and NASA goals
are summarized imable 1 [8].
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Tablel: Fueltburn and emission reduction goals put forward by ACARE and NSFA

ACARE NASA
Category i
Vision 2020 F"%rgggth N+2 (2025) | N+3 (203035)
50% 75% 50% 60%
Fuel i -
Relative to yeaP000 aircraft Relative to Z;‘ZQSOOS besin
80% 90% 75% 80%
NO,
_ 50% 65% 42 EPNdB | 71 EPNdB
Noise

Relative to yeaR000 aircraft | Cumulative, relativéo Stage 4

Regarding the road transport, the EU legislation sets binding emission targets
for the new car and van fleets. As the automotive industry works towards meeting
these targets, average emissions are falling each year and the targets for 2015 (for
cars) and Q17 (for vans) were achieved already in 2013. By the other hand, for
heavyduty vehicles the emissions are still rising, mainly due to increasing road
freight traffic. The Commission is working on a comprehensive strategy to reduce
COz emissions from heavgluty vehicles in both freight and passenger transport
[91[10].

In order to achieve these goals, the European Commission is funding several
research projects where the collaboration between industries, research centers and
universities, it is already providing huge results in emissions reduction and vehicles
efficiency[11][12].

In this thesis, part of the described activities, where conducted within two
European Projects funded by the Seventh Framework Program of the European
Commission:

1 E-BREAK - Engine BREAKthrough components and subsystems

Related to the Aircraft sector, started on October 2012 eaddd in
March 2017 the aim of this project is to reducing air traffic emissions
by adapting susystems to new constraints of temperature and
pressure. BREAK will target subsystems breakthrough, through
improvements regarding mass reduction, material resistance, sealing
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techrologies, oil systems, abradable coatintip clearance control,
stability of the engine in offlesign operations and health monitoring.

This project will contribute a reduction of G6f between 5% and
1.9% (depending on the engine architectuwd)ich, together with the
results of previous and current European projects, could enable a
reduction of up to 32% in Cmissions over the Year 2000 status.

The EBREAK consortium consists of 41 partners from 10
different countries, in particular 12 indtial companies, 4 SMEs, 18
academic institutes and 7 research institutes. Just to name a few
partners: Safran Turbomeca, Safran Snecma, MTU Aero Engines, Avio
Aero, RollsRoyce, DLR, Onera, Politecnico di Torino, Politecnico di
Milano, University of Oxfod and many mor¢l3]. The part of the
project related to the works described in this thasighe SP5
ALIi ghtweight materials. for breakthrou

1 TiAlCharger 1 Titanium Aluminide Turbochargers

This project is related to the automotive sector. In particular, the
purpose of TiAICharger is the development of productimegsses for
turbocharger wheddhaft assemblies made of titanium aluminide
alloys. The combination of the use of this ligieight hightemperature
materials and the Electron Beam Melting (EBM) as manufacturing
techngue, will brings to an improvemenf vehicle efficiency by 5%
and a eduction of CQemissions by 8%.

The partners of this project are TWI, CVE, Cogeme, TLS Technik,
Arcam AB, Josh, Politecnico di Torino, IHI charging systems
international and FraunhoféfAM [14].

In both projects, the efficiency improvement, the emission reduction and,
consequently, the reduction of environmental impact of the aircraft and automotive
propulsion is obtained thanks to the use of titanium aludaiand the electron beam
melting additive manufacturing technology.

The use of heatesistant and lighiveight materials such as titanium aluminides
in low-pressure turbine blades and in turbocharger wheels, allghperating
temperatures, higher engine performances with a considerable reduction in fuel
consumption and emissions. In the following chapters, the comparison between
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titanium aluminides and conventional materials will bensideredand the
advantages obitaed by the use of this material will be discussed.

The achievement of the goals is also possible thanks to an alternative
manufacturing method based on the additive manufactteamnologiesAs it will
be highlighted in this thesis, the electron beanttinge (EBM) is an extremely
advantageous technology in terms of cost and material sE\G{$6][17].
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1.3 Aircraft engine and automotive application

In thissection two important applications fdrigh temperature structunadaterials
and titanium aluminidesare briefly described: the aircraft engine and the
automotive engine application.

The main reason why these two industrial field are considered is because there
IS a continuous need for materials capable to maintaén integrity of the
mechanical properties and environmental resistance to overcome thesdtress
operation Another reaon to consider these fields is because this thesis focuses on
Titanium aluminides, a class of materials, that from few decades, is attracting a big
interest for the aircraft engine and automotive engine application.

In particular, to fully understand thmotentiality of titanium aluminides, can be
useful to describe the gas turbine of aircraft engine and, regarding the automotive
application, the turbocharger

1.3.1 Gas turbine: principles and components

In the aircraft application, there are differentcies involved. Some forces act in an
opposite way respect the others and, in order to allow an aircraft to fly and obtain
the maximum efficiency, is extremely important to maximize some forces and, of
consequences, overcome the other forces. The drivingd@reated by the engine
propulsion is the thrust, and the drag is its opposite force resulting by the air
resistance. Another force in act that allow a vehicle to fly idittieon the other
hand, the lift is opposebly an inevitable downward force caused by gravity: the
weight. In few words, maximize the propulsion and minimize the weight is the way
to reach a good efficiency.

.

o

Adrcraf T L
velocity e me——— ) Y
W ——
W

Figure2: Forces on aircraft

Methods devised to produce a thrémice for the propulsion of a vehicle in
flight are based on the principle of jet propulsion, which can be defined as the
momentum change of a fluid by the propulsion system. The fluid used by the
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vehicle may be stored in it and carried during the flaghin rocket, may be the gas
used by the engine itself or may be a fluid available in the surrounding environment
[18].

The different type of aircraft engines or spacecraft engines, create propulsion
force in different ways, using different principles and the jet propulsion systems can
be subdivided into two broad categories: the rocket propulsion (ofainon
breathing and the akbreathing propulsiofil9]. While rocket propulsion is used
for rocket motors, nuclear propulsion systems and electric propulsion systems, air
breathing propulsion is the method used by the aircraft engine.

Once this first distinction has been maities fundamentald further distinguish
the airbreathing aircraft engines in turbojet, turbofan, ramjet, turboprop and
turboshatft. The thrust of the turbojet and ramjet results from the action of a fluid jet
leaving the engine; the turbofan, turboprop and turboshaft engungply thrust
using fans, propellers, and shatft.

High-temperature and higbressure gas is the fluid needed by the engine, and
for this reason, the core of the gas turbine engine is the gas generator. The gas
generator is composed by the compressor,ctirabustor and the turbine. The
principle is based on the Brayton thermodynamic cycle: air is aspirated into the
engine and compressed. The compression increases the pressure and reduces the
volume causing an increase in temperature. Then, fuel is mixethigitpressured
air the combustion occurs. During combustion, the temperature and volume
increase while the pressure remains stable because the generated exhaust gas
expands through the turbine to drive the compressor. At the turbine and nozzle
stage, theemperature and pressure decrease which leads the volume to increase
[20].
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Figure3: Schematic diagram of gas generator

The schematic drawings of the different gas turbine engine and some engine
examples are representedHRigure 3, Figure 4, Figure 5, Figure 6, Figure 7,
Figure 8, Figure 9[21][22][23][24].
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Figure5: General Electric J79 turbojet
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Figure7: Pratt & Whitney Canada PW100 turboprop
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Figure8: Schematic diagram oftagh-bypassratio turbofan

Figure9: General Electric GE9O0 turbofan
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Each engine type will operate within a certain range of altitudes and velocities
(corridor of flight). Figure 10 shows the velocity and altitude operation limits for
the different airlift vehicles.

Ramjet
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turbojet =7

Lt dseally limi

Chrbital velocity

LU'pper-limit

aerodynamic
piston engine :

force loads

o
E turbofin
2 “ |
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]
I
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Figure1O: Flight limits [18].

The corridor is bounded by a lift limit, a temperature limit and an aerodynamic
force limit. The temperature limit settledby the structural thermal limits of the
materials used.

The operational limits of each propulsion system are determined by limitations
of the used component3].

A k

E Pistom engine and propeller
; Turboprop

Piston engine and propeller

Turboprop

Turbofan _é‘ Turbofan j
Turbajet _E Turbojet E
| Ramijet Ramjet
1 ] ] 1 PRt I 1 | 1 1 L
0 1 2 3 4 0 20 40 [ild] B 1083
Flight Mach nurrber Altitude (1000 ft)

Figure1l: Engine operational limitgl8].
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In Figure 12, the specific thrust characteristics of the different typical aircraft
engines are reported andrigure 13, the typical aircraft engines are compared in
terms of thrusspecific fuel consumption. These characteristics give the general
trends of the performance parameters with flight velocity for the different
propulsion systems.
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Figurel2 Specific thrust charactetiss of typical aircraft enginfl8].
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Figurel13: Thrustspecific fuel consumption characteristics of typicatraift engines
[18].

Nowadays, turbofan engines are probably the most used in civil aviation for
different reasons:

1 More economical and efficient than a turbojet;
91 Better aerodynamic performance tharboprops at high speed.

Onthe other hand, the frontal area of a turbofan is quite large compared to that
of a turbojet resulting in more drag and more wejgbi.

1.3.2 Turbofan main components

Even if every model of turbofan engine is different in terms of configuration, fuel
consumption and technology, the design and the manufacturing process of the
components are similar. From a material point of viewtyalesof turbofans are
similar becaus the temperature and pressure range for the different section are
similar.

In this section, the attention is mainly focussed on two important comgonent
Turbines and compressomairbines and compressor belong tottimbomachinery
category defined by Ron (1998) as:
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We classify agurbomachineryall those devices in which energy is
transferred either to, or from, a continuously flowing fluid by the
dynamic action of one or more moving bladevs. The word turbo or
turbines is of Latin origin and impliethat which spins or whirls around.

To narrow the range of machines we usually look at enclosed machines
in which a finte amount of air passes through

Low Pressure , ) N——
Compressor I an Air Bypassing

the Jet Engine to Turn the Fan and
= - the Compressors

Combuslors

. High Pressure ~ Thrust

' Compressor

Low Pressure
Turbine to
Turn Inner
Shaft

2-Stage High Pressure
Turbine to Turn Quter
Shaft

Fan

Figure1l4: Schematic of High Bypass Ratio Turbofan Endizf.

The main components and operations of the turbofgmercan be explained
as follow:

9 The fan module

The most of the thrust is produced by the fan and the low pressure compressor
(booster). The aim of this module is to provide the airflow to the enlgiribe

case of the high bypass ratio turbofan, 80%hefdir flow bypass the core of

the engine (secondary air flo@hd20% of the air flow is directed towards the
core of the engine.

9 The core module

The gas generator is composed by the HPC-prgesure compressor, the HPT
high-pressure turbine and the cbustor.

The compressor supplies the air at high static pressure to the turbine. The
compressor is composed by several stages that are formed by a set of rotor
blades attached to a rotating followed by a stator vanes attached to a stationary
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ring. The roleof the compressor rotor blades is to convert mechanical energy
into gaseous energy by expanding the hot and-pighsure gases. The
temperature of the air at the compressor outlet can reach 700°C.

The hot and higipressure air enters the combustor wierixed with fuel
and burnt.

The HPT converts the gaseous energy of the mixture of air and burnt fuel
into mechanical energy, expanding the hot compressed gases to a lower
temperature and pressure, in order to drive the compri@sgor

1 The low-pressure turbine module

The lowpressure turbine (LPT) converts the gaseous energy into mechanical
energy by expanding the hot and hygtessure gases. This allows the LPT
module to drive the fan and produce the thrust.

Each stage of the LPT consists of stationary vanes and rotating blades
organized in rows and in a reverse order compared to the compressor.

In this module, the gas velocity is increased by the stator vanes end the
energy in extracted by the rotor blad&se temperature at the turbine outlet
can reachs700°C.

At the end of the cycle, the gas is discharged through the exhaust. The exhaust gas
contains a significant amount of ratnverted energy that can be used to produce

jet thrust accelerating the galsrough the convergent duct or exhaust nozzle
[28][29].

™)
Legend 7
1. Spinner cone
2. Fan blades (7 of 38) 10. Compressor rear frame
3. Fan forward case 11. Combustor
4. Low-pressure compressor (LPC) booster stator 12. High-pressure turbine (HPT) stage 1 nozzle
5. LPC booster rotor 13. HPT rotor
6. Fan shaft 14. HPT stage 2 nozzle
7. Fan frame, aft case, and outlet guide vanes 15. Low-pressure turbine (LPT)
8. High-pressure compressor (HPC) stator 16. Turbine rear frame
9. HPC rotor 17. Accessory gearbox and fire shield

Figurel5: General Electric CF6 80C2 engine
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1.3.3Turbocharger: principle and components

The power output of aenginebasicallydepends on the amount of energy, in the
form of a fuel, that can charge the cylinders, but this amount of fuel is limited by
the mass of air that can be introduced. In a naturally aspirated engine, the air is
forced in by the atmosphericgssure but, because of throttling by components and
viscous drag in the induction system, the pressure of the air and its density
ultimately in the cylinder is lower than atmospheric. The amount of air actually
inspired, compared to the theoretical amoifnthe engine could maintain

at mospheric pressure, i [80]. €ansequerdly, dhy ol umet r
measure such as supercharging, turbochargiecgaimg the charge to increase its
density must be the key to increasing power output per unit of size and weight of
the engine. These measures can be used also to modify the torque characteristic,
generally to help to increase the torque over a broadi spagg31].

A turbocharger consists of a singiage radiaflow compressor (lefhand side
in Figure 16) which is driven by a singlstage radiaflow turbine (righthand side
in Figure 16). Basically, the turbine extracts wasted kinetic and thermal energy
from the high temperature exhaust gas flow and produces the power to drive the
compressarln other words, the turbine recers some of the energy which is lost
in the thermodynamic cyc[82][33].

COMPRESSOR TURRINE
SECTION .

COMPRESSOR
HOUSING

WHEE
EXTaueT
GAS BLET TURBINE

IR DISCHARGE SECTION

CONPRLSSOR
AMBIENT AIR
IMET

Figurel6: schematic view of a turbochardég].

The advantage of compressing the air is that it lets the engine squeeze more air
into a cylinder, and morair means that more fuel can be added. Therefore, you get
more power from each explosion in each cylinder. A turbocharged engine produces
more power overall than the same engine without the charging. This can
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significantly improve the powetio-weight ratiofor the enginelncrementing the
inlet pressure allows downsizing the engine; this brings to reduce the fuel
consumption and pollutants emission.

The turbocharger performance has a huge impact on engine and vehicle
performance. IrfFigure 17, it is represented an example of turbocharger maps that
are used to specify the performance of compressors (left) and turbines (right). Maps
contain information about how pressure ratio, rotational speed, mass flow, and
efficiency are connectd@4][31].
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Figurel7: Turbocharger map84].

A common lackof turbocharging is what is termeadrbocharger lag.This
phenomenon is causbkg the need, as the demand of torque fluctuates, to accelerate
and decelerate the rotor to and from extremely high spBedausef the inertia
of the rotating assembly, of which about 60% is generally attributable to the rotor
of the turbine, it can t& several seconds to respond to such changes. This can be
overdue thanks to modern designs allowing much shorter response times.

The operating range can be improved by the development of suitable variable
geometry or variable nozzle systems. In suchesyst the geometry of ring of vanes
or the nozzle can varying as mass flows change. Improving the operating range
means greater efficiencies and higher compressor pressurB8&tio

Twin-turbo or twinscroll turbochargers are other advanced schemes used to
improve efficiency and reduce turbocharger dimensions in larger engines.

Another way to improve turbocharging is the pulsafiow approach that can
be obtained directly from the exhaust gases or by using a rotating 3@)j&].
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Intercooling systems avoid the reduction of volumetric efficiency due to the
excessivantake air temperature. In facthe warmer is the intake athe loweris
its density.

It is also important to minimize the heat flow effect using several approaches.
The external heat flow can be reduced by usitigermal insulation.

In order to obtai high mass flow rates and thus to convert as much energy as
possible into torque, speeds over 100000 rpm are necessary. The tempefature
gas are about 1000 K on diesel engines, and up to 1200 K on spark ignition engines.
In automotive application, tougs generally is around 10 NBi].
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1.4 High Temperature Materials for Aircraft Engine and
Automotive

Progresses in gas turbine engines and automotive engines technolodgdtave
engines with higher power ratings and efficiency levels. Improvements in
component desighave beenpossible thanks to advancements made in the field of
materials. Materials wh higher capability to withstand elevated temperature
service conditions allow the engine efficiency to increase. The high specific
properties, such as strength to weight ratio at elevated temperdtosstain
materials, helpto reduce component weigland further increase the engine
efficiency. Another advantage obtained thanks to the weight reduction is the
decrease of carbon and nitrogen oxides emissions and noise.

An aircraft gas turbine is composed by thousands of structural component with
differert function and operating at different environmental conditions. Due to the
condition range at which components are subjected, a wide spectrum of high
performance materials is used in gas turbines design. The main material used are
special steels, titaniumiloys, super alloys. Big interest is growing for other major
group of materials like ceramics, composites and intermetallics, that are under
intense research and development for the gas turbine engine applidd}ion

m Nickel and alloys

m Titanium and alloys
m Steels

m Composites

m AVAI-Li

Others

Figurel18: Material composition in Turbofan engines by total we{@i.

The first requirement for materials for gas turbine engine and turbocharger
application is the high temperature tensile strength. Obviously, ttsreenent
depends on the operating temperature. The components must also have the proper
stress rupture life, creep properties and fatigue resistance.
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The materiad choice criteria for the different componerte based on the
capability of the material tavithstandstatic,fatigue and creep loading at which the
components are subjected during their operating life. At high temperature and
critical environmental conditions, also oxidation and-¢mtrosion resistance are
crucial for components and the usedterials have to satisfy also these properties,
in many cases with the aid of coating technologies. Advanced processing methods
are usually involved in the manufacturing of these matgB8l$40][41][15].

As reported irTable 2, a particular component having peculiar function in the

gas turbine engine is made of a material or material class that has to satisfy certain
requirements for the applicati¢d8].

Table2 schematic representation of tstlatusfor aero engine material38].

Component Characteristics Materials
It should extremely strong so that
SuctonFan|doesndét fractur Titanium alloys
debris are sucked into the blade
Intermediate Titanium and Nickel

Experiences very high pressure

Compressor alloys (Inconel 625)
Combustion Ability to withstand very high Nickel ar)d Tltanlum
alloys with ceramic

Chamber temperature :

coatings.
Titanium and Single
Turbine Must endure the intense heatlo¢ Crystal castings of
blades engine. Nickel alloys with

ceramic coatings.

Exhaust

Systems | Should possess very high streng| , & Titanium alloys

) : b.CompositesSynthetic
a. Inner duct and resist to high temperature. Fibers held together wit
b. Outer duct

resins.
In Figure 191t is reported a schematic diagram of a turbofan aircraft engine. The

operating temperature ranges aa example ofcommonly used material are
indicated in the imagp!2].
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e.g Ti-64 Ti-6246 Ti-834 Ni-based Titanium
Superalloys Aluminides

Operating temperature
[°C pto 1,230 - 730 w730

Figurel9: Representative turbofan engine section. The operating temperatures and the
used materials are reportgt2].

In a similar way, the hostile environmental conditions at which turbochargers
are subjected, lead to an accurate choose ofrbsigtant materials. Candidate
materials for turbocharger turbines have to meet the necessary requirements such
as high strengtHatigue, creep and oxidation resistance. Other important properties
are resistance to erosion and foreign object dan#8jel4][45].

Ni-based superalloys are commonly used for the turbine whe#tewa retain
high strength values at high temperatures. Turbines are typically manufactured by
investment casting from Inconel 713 C or 713 LC. The Hot Isostatic Pressing (HIP)
is then used to improve the wheels structure and minimize the presence of cast
defects such as pores. Afterwards, the required strength level is obtained performing
a proper heat treatmentable 3 lists the different superalloys commonly used
nowadays in turbochargers.
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Table3: Superalloys currently used in turbochargers

Chemistry of Certain Superalloys
Mominal Percentages of Alloying Elements

Material Ni Co W Cr Al Mo Ti C Fe Mn Si B Nbh Hf Zr
AMS 5844 (MP35N)| 34.0 33.0 20.0 98 1.0 003 10 02 02 0.1
CustomAge 625+ | 61.0 2.0 0.35 80 1.3 0.03 50 0.2 0.2 34
Inconel 713LC T76.0 93 65 47 08 041 2.1 0.1
Mar-M-247 61.0 92 95 82 56 06 1.0 0.07 010 0.25 0.015 1.5

Al = Aluminum Cr = Chromium Mo = Molybdenum Ta = Tantalum
B = Boron Fe =Iron Nb = Niobium Ti=Titanuim GREEN numbers
C = Carbon Hf = Hafnium Hi = Nickel W = Tungsten are max values
o = Cobalt Mn = Manganese Si = Silicon Zr = Zirconium

The primary property required for a turbine wheel material is endurance against
centrifugal stress generated during rotation. Since the centrifugal stress is
proportional to specific gravity, specific strength is an appropriate measure. Ni
based superall@ypresent a specific gravity of about 8, for this reason, lightweight
metallic materials should improve the response ability of turbochargers. However,
as turbines are subjected to letegm exposure to high temperature exhaust gases
of at least 850°C, camentional lightweight materials such as aluminum ebdsed
alloys cannot be used. As highlighted in this thesis, the development and application
of high-performance TiAl alloy, together with innovative manufacturing
technologies, will increase the penfwaince of turbochargers such as the response
ability and the reduction of the turddag effect. In fact, the specific gravity of
intermetallic TiAkbase alloys is roughly half that of ldased superalloys and that
makestheir specific mechanical propertiextremely interestinft6].

As shown inFigure 20, the response ability of a particular TiAl turbocharger
is higher than that of conventionally used turbocharger made of Inconel 713C. This
means an improvement of the vehicles acceleration and driv4Biity

Resistance to high temperature oxidation and hot corrosion is also important,
in fact, there are several studies about environmental resistance of all the used
materials at highest applicatiaemperatures (850030°C). There has been a
significant effort to develop coating solutions, in particular for TiAl, to enable
operation at higher temperatures.
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Figure20: Comparison of response ability of a TiAl turbocharger @amdhconel 713C
turbocharge{32].

In the following part, the most used classes of materials for the aircraft engine
and turbochargers are briefly described.

1.4.1 Titanium A lloys

About one third of the structural weight of modern turbine engines is made of
titanium; in particular, titanium alloys are used for most structural parts of the high
pressure compressor. Thanks to the high strength to weight ratio of titanium alloys,
they satisfy the requirements for components working at medium range temperature
and where oxidation is not an issue.

As it is possible to observe ifable 4, the maximum temperature limit of
titanium alloys can reach about 600°C for the most advanced piBlys
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Table4: Titanium alloys used for compressor parts in aircraft engirodeemical
composition and maximum service temperafdig.

Grade Chemical composition Maximum service

designation P temperature (°C)
Ti64 TH6AHV 315
Ti811 TH8AF1Mo-1V 400
Alloy 685 TH6AF5Zr0.5M0-0.25Si 520
Alloy 829 Tr5.5AL3.58n32r—.1Nb0.25M0 550

0.3Si
T#5.8AHSR3.5Zr0.7NB0.5Mo-

Alloy 834 0.35S10.06C 600
Ti1100 TH6A2.85R4Zr0.4M0-0.4Si 600
Ti6242 TH6AF2SR4Zr2Mo
Ti6242S TH6AF2SR4ZF2M0-0.2Si 540

The higher temperature resistance for titanium alloys has been acthaukd
to proper alloy composition modifications and optimized processing routes. Using
these strategies, the microstructures can be set in order to increase the mechanical
propertied48][49].

Since the hottest stages of the hpgkssure compressor may exceed this
temperéure, the materials used for this part are-bEsed or Cdased
superalloalloys.

1.4.2 Superalloys

Superalloys are probably the most studied and advanced structural materials for
high temperature gas turbine engine application. Superalloys, typicdigd¢d or
Co-based alloys, constitute about 40% of a modern aeroengine total weight, in
particular forcombustor and turbines. In turbocharger application alsdyasied
superalloys represent the currently most used mafs@yb1].

Regarding the aircraft engine, the combustor parts in a gas turbine are exposed
to very high temperatures and-bised superalloys represent the best option thanks
to their high creep and oxidation and hot corrosion resistah@alitionally,
combustor components have been fabricated using shéesHisuperalloys. From
1960s to 1980s, the Hastelloy X was used, than, Nimonic 263 was subsequently
introduced for it higher creep strength. In the new gas turbine models, cobalt base
superalloys has been adopted for some combustion system compomiepiove
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creep rupture strength at higher temperatur&alvie 5 the chemical compositions
of combustor materials are repor{éd].

Table5: Combustor sheets superalldgyg].

Grade Chemical composition

Hastelloy X | Ni-22Cr1.5C01.9Fe0.7W-9M0-0.07G0.005B

Nimonic 263 | Ni-20Cr20C00.4Fe6Mo-2.1Ti-0.4Al-0.06C

HA188 Co-22Cr22Ni-1.5Fe14W-0.05G0.01B
617 54Ni-22Cr12.5Ce8.5M0-1.2Al
230 55Ni-22Cr5Co0-3Fe14W-2Mo-0.35A0.10G
0.015B

In turbine stages, the combined effects of high temperature and centrifugal
forces, makes creep strength a primary requirement for turbine vanes and blades
materials.

The manufacturing routes for producing superallfmysthe different engine
parts components have to be considered because from them, depend the particular
properties of the differentypes of superalloys. Originally, conventional ingot
metallurgy routs were adopted to manufacture turbine disks usingkéonpbe
IN100 and Rene95. Anyway, these alloys are sometimes difficult to forge by
conventional methods and for this reason, casting and Powder Metallurgy
processing (PM) offered many advantages. The main advantage was the possibility
to produce alternativalloys. Another big vantage of PM processes is the
enhancement of the properties of the parts thanks to a better control of the
microstructure. In addition, PM manufacturing allows to produce-metshape
parts with an advantageous reduction of matenabte and post processing
operationIn Table 6 details of disc superalloys for aircraft engines are reported.



26 Introduction

Table6: Disc superalloys for aircraft engings/].

Grade Chemical composition Remarks
A286 Fe-15Cr25Ni-1.2Mo-2Ti-0.3Al- | Iron-base superalloy; ingo,
0.25V-0.08G0.006B metallurgy
18 Ni-19CF18.5Fe3Mo-0.9T- hickel for-base
0.5A1-5.1Cb0.03C peraroy, Ing
metallurgy
IN 100 60Ni-10Cr15Co3Mo-4.7Tk Nickel-base superalloy; PN

5.5A1-0.15G0.015B0.06Zr1.0V

61Ni-14Cr8C0-3.5M0-3.5W- | Nickel-base superalloy; PN
Rene 95 | 3.5Nb2.5Ti-3.5Al-0.16G0.01B

0.05Zr
LC 56.5Ni15Cr15C065.25M0-3.5Ti- | Nickel-base superalloy; PN
Astroloy 4.4Al-0.06-C-0.03B-0.06Zr

54.4N+12.4Cr18.6Ce3.3Mo- | Nickel-base superalloy; PN
MERL -76 | 1.4Nb4.3Ti-5.1AI-0.02CG0.03B
0.35HF0.06Zr

56.4N16Cr13Cc4Mo-4W- Nickel-base superalloy; PN
Rene88 DT | 0.7Nb-3.7Ti-2.1Al-0.03G0.015B
0.03Zr

55Ni-18Cr14.8Ce3Mo-1.25W Nickel-base superalloy;

Udimet 720 | 51i 5 5A1-0.035G0.03380.032r | ingot metallurgy / PM

The first stage turbine blades or buckets subjected to the most severe
conditions in gas turbine engines. Conventional equiaxed investment casting was
originally used to produce turbine parts in the most demanding gas turbine engines.
The casting process produce a coarse microstructure that eymode high
temperature mechanical properties in all directions. Using the equrasesiment
casting, rotating turbine blades made of IN713 were early produced. It is also
important to remind that at extreme operation conditions, about 15% below the
absoute temperature melting point, the microstructure of a superalloy can quickly
change also in terms of constitution phases and tbenposition.By optimizing
the chemical composition and post process treatment, the materials capabilities
have been enhangeln particulan®Nis (Al, Ti) precipitates volume fraction was
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increased to improve the creep strength in IN100 and Renel100. In order to increase
temperature capabilities, higher amount of refractory solid solution strengtheners,
like W and Mo, were adstl. Other alloying elements were added to improve
ductility (Hf) and increase corrosion resistance (Cr).

The Directional Solidification (DS) was developed with the intent to eliminate
nucleation and growth of cavities along transverse ghlamondaries, wich
represent the major fracture mechanism for gas turbine airfoils. DS increased the
creep resistance and rupture strerayidalsothe temperature capability could be
increased by about 14°C with respect to conventionally cast superalloys. Another
advaned casting manufacturing routes is the Single Crystal (SC) blade technology.
SC allowed to increase the temperature capability of turbine blades of about 30°C
eliminating all grain boundaries from the microstructure. Whit this technique, the
airfoil bladeconsist entirely of a single crystal with a controlled orientation. Since
in SC alloys no grain boundary strengtheners are necessary, the elimination of these
elements helped in raising the melting temperature incretsnggh temperature
strength.Figure 21 shows the improvement in creep strength of a cast superalloy
produced by equiaxed polycrystalline investment casting, by DS casting and SC
casting.In Figure 22 turbine blades fabricated by conventional, DS and SC are
shown[52][41].

Directionally
Solidified

Creep Strain %

Single Crystal

Equiaxed

Time

Figure21: Relative creep deformation of equiaxed, DS and SC superalloy cgdsi#igs
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CONVENTIONALLY CAST TURBINE BLADE

Excalflent mechanicel properses
In fongitudinal mes and
improved hest resistasce

DIRECTIONALLY SOLSIDINID TURBINE BLADE SINGLE CARYSTAL TURSINE BLADE
(DS blade)

Figure22: Different Ni-based superalloys turbine blades: polycrystal (center),
directionally solidified alloy (left), single crystal (righHg1].

According toE. Campd53], the superalloys used for the different applications
in aeroenging produced using different manufacturing processes and having
different chemical composition, can geuped in the following six classes:

Class Ai solid solution strengthened alloys;

Class Bi Co-base cast alloys;

Class G Ni-base precipitation hardened wrought alloys;
Class Di Ni-base cast alloys;

Class E 1%tgeneration single crystal alloys;

ClassFi 2" generation single crystal alloys.
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Table 7 shows some examples of these alloys belonging to the different classes
with the relative manufacturing processes andlable 8 it is represented
summary of ranges for ultimate tensile strengths and elongations at 850°C. For
material selection and for the very preliminary design, fatigue behavior can be
described through the tensile characteristics because the low cycle fatigue
resistance in terms of strain range is related teetingle elongatioof thematerial,
whereas the high cycle fatigue resistance in terms of stress range is proportional to
the ultimate tensile strength.

Table7: Different groupsof superalloyg53].

GROUP PROCESS ALLOY
. Hastelloy X, Haynes 186,
A Ni & Co sheets Nimonic 86
B Cast Co X 40, X 45, FSX 414, ECY
768
Inconel X740, Nimonic 105,
) Udimet 500, Inconel 700,
c Wrought Ni Nimonic 115, Udimet 710,
Udimet 720
, Udimet 500, Inconel 713LC,
D Cast NI René 77, IN 100, René 80
E SC Ni PWA 1480, René N4, SRR ¢
F SCNill PWA 1484]\|C':E>SM X4, Rene
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Table8: Tensile properties at 870963].

GROUP UTS [MPa] El. [%]
A 310- 420 507 85
B 3107 410 167 22
C 6407 830 157 30
D 66071 900 5-18
E 980-1020 10- 20

Thanks to their high temperature strength resistancéabk superalloys, in
particular Inconel713C, are currently the most used materials for turbocharger
turbines too. Casting processes are the most used manufacturing technique for the
producton of conventional turbocharger turbines and compressors.

1.4.3Intermetallics and Titanium Aluminides

Intermetallics are a family of compounds formed by two metallic elemdrasging
properties that are different from those of the constituent metals. A peculiar
characteristic of intermetallic compounds is the limited deformation caused by the
formation of longrange ordered crystal structure beloyw Which is the critical
ordaing temperature. This brings to an increased yield strength at high
temperatures but also to poor room ductility and low fracture toughness at room
temperature. The brittleness of intermetallics is usually due to the lack of
dislocation mobilityand it isthe more limiting characteristic for tlagplication of
these materials

Since the mechanical properties of intermetallics are strictly related to their
crystal structurest is important tounderlinethat many intermetallics compound
change different mlered structures when subjected to temperature below the
melting point. In particularp-TiAl alloys maintain ordered structure until the
melting temperature that is around 1440°C. By varying the chemical composition
range from the stoichiometric ratidwet structure tends to become less ordgséfd

Intermetallics hae been deeply studied and developed during the last 30 years
for application in aircraft gas turbine engine and in automotive application. The
primary purpose was to replace-biised superalloys with a density e8.8 g/cr?
with lower density materials (about 4 g/mTitanium aluminides represent the
most intensively investigated intermetallics for these applications.
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In particular, titanium aluminides phases of technical interest areb{FigAl
ando-TiAl. The latter alloys are usually also typhase’k + 2 or multi-phase alloys
depending on the alloying elements. The TiAl phase diagram and the effects of the
different alloying element used are described in detaiteation1.5 The binary
Ti-Al phase diagramof this thesis.

Further advantages of TiAl intermetallics are high melting temperature, high
strength, good oxidatiomesistanceand good creep properties in a selected
temperature range. On the other hand, these matextalst low room temperature
ductility and low fracture toughness. Big efforts have been done in order to optimize
the composition and the microstructure of TiAl in order to overcome these
drawbacks.

As can be observed fromable 9, Ni-based superalloys present superior
properties compared to thoseoeTiAl. However, since the density of theTiAl is
about one half of that of MNased superalloys, the specific properties are
significanty higher fora-TiAl [55].

Table9: Comparison between casTiAl alloys and cast Nbased superalloy§5].

Property o-TiAl alloys Ni superalloys
Density [g/cn¥] 3.7-39 8.3
Yeld Strength [MPa] 400-650 1000
Ultimate Tensile Strength 450-800 1200
[MPa]
Ductility [%] 1-4 15
Modulus of elasticity [GPa] 160175 206
Poi ssonds 0.27 0.29
Coefficient of Thermal
Expansion [10%/°C] 108 148
Thermal Conductivity
(W/m*K] 22 11
Maximum Use Temperature 900 1000

[°C]
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TiAl alloys with an appropriate composition and microstructure have shown
outstanding specific strength compared to currently used superalloys in the
considered temperature rangrégure 23) [56].
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Figure23: Temperature dependence of specific strength of various groatieys[56].

Other specific properties that are higherddnAl are shown irFigure 24[57].
The good specific mechanical and physical properties of-basked alloys make
them suitable for applications as rotatingediumhigh-temperature structural
component$58][59].
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superalloys, alloy steel and Ti allojz9].

A very explanatory example regarding the aircraft engine application is the use
of TiAl alloy in a large and advanced turbofan engine like the GE9X. In particular,
TiAl is going to replace Nbased superalloys for the production of blades at some
stage ofthe lowpressure turbine. TiAl blades are only about 55% the weight of a
conventional Nibased superalloy blade. This weight reduction means a significant
drop in fuel consumption and emission of the engine and it also enable an even
lighter weight desigrof the entire turbine due to the lower centrifugal forces

imposed on the dig@2].

Generally, the production cost of TiAl is higher than that ofbAked
supealloys. This is due to the difficulty to procests using conventional
manufacturing methodsecause théirly low ductility of TiAl alloys. Due to the
low fracture toughnesgpostprocessing and machining without damaging the

material is also a challenge

Popular techniques that have been used to produce TiAl paltsvastment
casting, ingot metallurgy (IM), and powder metallurgy (PM). Direct rolling, laser
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forming, mechanical alloying, spark plasma sintering are other more recently and
advanced manufturing techniques that have been used to forming TiAl
[60][61][62].

Additional costs are due to a series of post processing stephptisostatic
pressing, ageing, annealing and hot working, that are necessary to reach the desired
mechanical properties of TiAl products after their manufacturing by investment
casting, ingot metallurgy and powder metallutgghnology.

Casting route bring to a microstructure characterized by large columnar grains
with anon-homogeneoushemistryand segregation. Tharticularmicrostructure
results in a drop of mechanical properties, in particular strength and fatigue
resistance. Significant impvements in chemical homogeneity and microstructure
refinement can be achieved by theramaoschanical processing, by the optimization
of the alloy composition and aldxy using other servenechanical routes such as
hotrolling, forging and extrusiofb5][59][56].

Powder metallurgy can be an alternativenis manufacturing technique
generally consists of gas atomization of -pleyed powder followed by hot
isostatic pressin(HIP) of the powder. The advantages of hot isostatic pressing are
a low porosity in the final part and Bomogeneous microstructure. By the other
hand, HIP requires exposure to high temperatures for several hours and this leads
to a big grain siz€53][64].

Other powder metallurgy methods, which allow to produce-netshape parts
are metal injection molding (MIM) and spray formif&}].

Additive Manufactumg (AM) is considered an advanced and -sasting
manufacturing technique for TiAl alloys. The main advantages of AM is the
possibility to obtain neanet shape parts with homogeneous and fine microstructure
and the possibility to reise the powder with @onsiderable enhance of processing
costs[17][66][67].

In Figure 25 the industrial scale processing routes established for wraught
TiAl-based alloys during the last two decades are summ&é&gd
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Taking into account all the considerationndoabout these advanced high
temperature alloysn Table 10it is possible to compare the properties of titanium
alloys, superalloys and gamma titanium alumini@&s.

estab
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Tablel1Q: Properties profiles of advanced high temperature alloys for jet eri§iles

o . o-TiAl
Property Near-U-Ti Ni superalloys alloys
Density + - ++
Specific tensile strength + - +/-
High temperature Y o u n ( - + +
modulus
Roomtemperature + + i
ductility
Formability + + -
Creep - ++ ++
Roomtemperature
+ ++ -
fracture toughness
Roomtemperature crack
+ + -
growth
Specific fatigue strength + - +/-
Oxidation - ++ ++
High-temperature
. - + +/-
embrittlement
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1.5 The binary Ti-Al phase diagram

The binary phase diagram shown Rigure 26 contains several intermetallic
compounds for example sAl (W), TiAl (9), TiAlz2 and TiAb.

From the application point of view, thé - TisAl phase and thei TiAl phase
are the mainly considered compound for structural applications.

The W - TisAl phase and the i TiAl phase are characterized by a very good
specific strength at high tempearegs and better oxidation resistance compared to

the other phases. The hitgmperature creep properties are enhanced by limited
dislocation and atomic diffusion at high temperatures in the ordered superlattice

crystal structure.
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Figure26: Ti-Al phase diagranb5]

In particular, the interest is focusedoi TiAl alloys containing minor fraction
of the (b - TisAl phase.For this reasorhereafter the phase diagraris cut in the
rangebetweer25% and65% (at%) assuggested by McCullough et &igure 27)

[69] [70].
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Figure27: Binary phase diagram proposed by McGugh et al[69]

In this central portion of the TAl phase diagram ifrigure 27 threephase
reactionscan be observed: thgeritectic reactiosl + UA oand 14 Uandf
eutectoid reactiolA (b +9[70].

1.5.1B-TizAl

The crystal structure of the: phase, having stoichiometric compositionAllj is
an ordered hexagonal closed packedigD8ccording to the Struktubericht
designationFigure 28). The atomic stacking sequence is ABAB.

This phase presents an Al corsjfiion between 22% arb%o (at%) depending
on temperatur§z0]. At a temperature of 1180°C and Al content of 3298/¢anit
transforms into a disordered hcp structure.
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The space group is B imc and the lattice parameters are: a = 0,5782 nm, ¢ =
0,4629 nm (c/a ratio = 0,8). The planes (0002) are closécpp9].

The properties of this phase are good high temperature strength and low
ductility.

15.29-TiAl

Theo phase with stoichiometric composition TiAl presents an ordered face centered
tetragonal L3 crystal structureRigure 29) existing between 48%nd58% (at.%)

of Al. In the cases of nestoichiometric composition, thE or Al atoms in excess
create vacancies since they are placed assaatatomg70].

The stacking seqguence i s ABCABCé(cl osed
group is P4/mmm andé¢Hattice parameters are: a = 0.4005 nm, ¢ = 0.4070 nm (c/a
ratio = 102). Thec/aratio can increases up td)3B. (increased tetragonality) if the
Al content increase, and decreases to 1 if the Al decrease. In the case of c/a = 1 the
structure becomes ordered fcc.

The low mobility of dislocations, due to the strong covalent atdoieds,
brings to good high temperature strength and creep resistance but also to poor room
temperature ductility.
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1.6 TiAl microstructures and phase transformations

One of the main parametecsntrolling the microstructure is the aluminum
content. ForAl amountlarge than48 (at.%)the o0 phase is the stable one in the
phase diagram. For an Al amount betw8&f and48% (at%) it is possible to
obtaincombined microstructure depending on the heat treatment. For Al amount
lower than35% (at%) single phasgb, Uandb compounds are obtained

Since the singléh phase cannot be considered for application, two phéased
+ b structural alloys are developed and they present a considerable higher strength
compared to the singlé phase alloy. Thé phasehasa disordered centered cubic
structure and preseras Al content between 0 and 8% (at%).

Theb phase is generated by the addition of ceifiestabilizing elements such
as Molybdenum, Chromium and Tantalifi][72]. These elements are added in
addition to Niobium that can be present between 11% and 18%) (a¢cause of
its positive effect on the material propert{@8][74]. The effect of the different
alloying eements is described in9 Effect of chemical composition

The single phase-TiAl and the (b-TisAl phase or their twephase systenisee

phase diagram) combine to form different microstructures. The four
microstructures that can lobtained are equiaxed, duplex, near lamellar and fully
lamellar. The microstructures are dependent of the thermal history of the material,
so that are influenced by the processing route and, by the heat treatments and
cooling rate applied to the materj@b][62].

The mechanical properties ®TiAl alloys strongly depend on microstructure.

Whenoa-TiAl alloys are heated in the singliphase region above thitransus
temperature, there is the formation of the hexagonal clpaekied phase. This can
be considered the starting point for all the further phase transformations and
different microstructures formation.

Binaryo-TiAl alloys pass through the singha field of theUsolid solution
after solidification. With further cooling, tHésolid solution decomposes according
to the reactiodA U+2A  + 9. For all the engineering: TiAl alloys, also the
eutectoidic transformatiodA U + 2 should be consited[76].
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After cooling below thé}transus temperature, different phasasformatios
occur and depend on the cooling ratét high cooling rate, U phasegrains
precipitate lamellath ando phase.

Regardinghis lamellar reactionit is possible ta@onsider:
1 formation of Widmannstatten colonies in lamellar colonies;

1T Af eat hery struct ur exdamellbeomthmésorientaion consi s
of 2°-15°,

Figure30: SEM image of Widmannstattetath embedded inside lamellar struct{#e].

At high cooling rate, the massive transfo
takes place. This can be obtained at cooling rate sufficiently high to avoid the
Widmansétten and primary lamellar structure formation. The massively
transformedo-TiAl microstructure is fine grained and presents thecated

Af eat h&eyp mi c rownsinFigure 3l [¥T] §8].sSbme studies have

demonstrated that the hcp toolhassive transformation ta&kplace via the f.c.c.

as i nter med inphbse depelopssvigh the Jammesorientation relationship

from o | amell ae that intersect a grain bo
[79].
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Figure31: Feathenyike lamellar microstructure obtained with-awoling[77].

The first stage of the lamellar formation is the formation of theofgeains
within the hcpUgrains.Then the nucleation ob phase through diffusion at tté
grain boundaries occurs. The residUgihase is ordered intic,. Theo lamellae
formation fromUfollows the transformation through the movement of the Shockley
partial dislocationFigure 32).
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Figure32 Movement of the Shockley parts transferring from hcp to fcc.
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The lamellae formed dving the Blackburn Orientation Relationship:
{111},//(0001)p and >110J/<1120> present fully coherent interfaces with low
internal energy. They are parallel to the basal planéb afd the {111} planes of
2. When theo phase precipitates from théphase, the Ldstructure can be formed
in six orientations, called variants, corresponding to the six possible orientation of
the [110] direction along a reference <1120> direction of Grend U phases
[80][81].

At lower cooling rates, thioermation ofo grains are observdd@7][82].

In the case of a micstructure containing bothgrains andb+o lamellae, the
microstructure formation can be followed by a discontinuous coarsening reaction
during the annealing in thé+o phase field. The low temperature in this phase field
slow down diffusion and this mekthe coarsening evolution a slow process.

Considering the mechanical properties, the combination giving the best
performances is achieved with fine lamellar spacing and small colony size lamellar
microstructures.

The microstructure obtained using typlgadpplied cooling rate are not stable
at service temperatures of around 700°C. This is because, for alloy compositions
that deviate from the eutectoidic composition, these cooling rates do not allow
thermodynamic equilibrium. In order to stabilize micrasture for the application
temperature range, it is important to consider proper cooling conditions or an
equilibration treatment.

The microstructures formation through heat treatment are descnbeslin
detail in the followingsectionl.7 Heatreatments and microstructure evolution

In thefollowing part,the four differeno-TiAl microstructures are described.
1.6.1Equiaxed Microstructure

The equiaxed microstructurBigure 33a) consists of equiaxedt TiAl grains with

a small amount di, phase at the equiaxedrains boundaries. This microstructure

is characterized by an average grain size between 30um and 50um. This phase is
formed in thell + 2 phase region above the eutectoid temperatsre T

The equiaxed microstructure presents good specific-teigiperature properties
and high elastic modulus. On the other handhibws poor roortemperature
properties such as low ductility and fracture tauggs that make it not desired for
structural applicatiofi70] [75][83].
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1.6.2 Duplex Microstructure

The duplex microstructure is composed by both equiax@d\l grains and fine
lamellar coloniesKigure 33b). This microstructure is obtained by héaating the
material in the middle of th&)+ o phase region. During the formation of this
microstructure, th&b grains and the neW precipitates coarsen intdplates and)
grains. At the same time, the predominamhase is decreased by dissolution to
reach the equilibrium volume fraction. By ieaising the temperature in this region,
the amount of lamellar grains increases and vice versa. The dungex
microstructure presents an average grain size arbQymah.

Since this microstructure is a combination of equiaxed and lamellar phases, the
meclanical properties of duplex TiAl are a combination of the mechanical
properties of these single microstructures making it desirable for structural
applications. One of the most enhanced material property is ductility: the interfaces
between lamellar coloes and equiaxed grains increase the ductility of the material.
Moreover, is possible to enhance creep, fteghperature strength and fracture
toughness by increasing the volume fraction of lamellar col¢RBE83][75][56].

1.6.3 Near Lamellar Microstructure

The near lamellar microstructure is obtained with heat treatments at temperatures
nea the Utransus (), that is between the fully lamellar and duplex formation
temperatures, and it consists of predominantly coarse lamellar grains with only a
low amount of finea-TiAl grains Figure 33c). The averaggrain size range
between 150um and 200umn.comparison to the equiaxed microstructure, the near
lamellar brings to a higher ductility thanks to the interlamellar spacing andde the
grainsi lamellar colonies interfaces.

1.6.4 Fully Lamellar Microstructure

Heat treatments in the pudphase region, above the producethe formation of
fully lamellar microstructures (FL)Hgure 33d). During the cooling at room
temperature, the lamellar morphology is fednby the precipitation of the-Ti
phase into alternatdh and o plates Figure 34). FL microstructures are
characterized by coarse lamellar grains having average grain size up to 1000um.

The high temperature strengtlereep resistance and fracture toughness are
enhanced thanks to the dislocations and twinning formed at the lamellae interfaces.
On the other hand, TiAmaterialswith FL microstructures preseat poor room
temperature ductility. The mechanical propertdsFL microstructure are also
dependent to the grain size; in fact, figrained FL microstructures bring to
excellent mechanical properties and sufficient ductility.
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200 um

Figure33: -T3Al alloys typical microstructures. a) Equiaxed or ngamma; b) Duplex;
c) Near Lamellar; d) Fully Lamellg70].

Figure34 Typical scanning elecdrloamelilcaomssOpyct mi
phase dzorght[7@ind U
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1.7 Heattreatments and microstructure evolution

Depending on the manufacitng method and type of product, the microstructure of
the asproduced TiAl material can be of different type. The manufacturing method
has an influence on the microstructure due to the different cooling othgs
parameters such as melt dimendi®#]|[85].

Some manufacturing methods produce mictastire segregation, in particular
for the casting process, the central part of the material results to be more segregated
due to the slow cooling. On the contrary, powder metallurgy manufacturing
techniques result in more homogeneous and less segregatestractures thanks
to the lower size of the melt.

In order to improve the mechanical properties of the final pratisatecessary
to obtain the desired mechanical properties by exposing the material to different
types of heat treatments.

1.7.1 Hotlsostatic Pressing (HIP)

Hot Isostatic Pressin@HIP) is mainly a processing technology considered for the
powder metallurgy manufacturing. With the HIP methbds possible to produce
nearnetshape parts starting from the material powder by applyidgraintaining

for a certain time both heat and high pressure. HIP is also considered as post
processing in order to decrease the amount of porosity and/or to homogenize the
microstructure in a componej@4][86][87].

During the HIP process, the component or ges are placed inside a vessel,
heated and an inert gas is used to increase the pressure.

Regarding the use of HIP as p@sbcess technology, it is particularly useful
for asproduced additive manufacturing parts such as TiAl components. In this case,
the temperature used shall be in thepi@se field of the phase diagram in order
to close residual pores without produgignificantmicrostructural modifications.
More precisely, at such conditions, recrystallization and grain growth append

For TiAl mateial, it has been demonstrated that the ideal HIP condition to increase
ductility and shrink the residual pores is obtained by HIPping the material at a
temperature around 1200{€7].
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1.7.2 Heat Treatment

Considering TiAl alloys with an aluminiumamount of 48 at.%, for the
solidification, three primary solidification phases and two peritectic reaction during
the cooling down from liquid state are possible. Accordinthéxcentral zone of

the TiAl phase diagram, the phase transformation stepsgduoiiing is:

LAb +AL +A WA U #A b+o

Thanks -dtabilizinghetfect of Cr, for the 748AI-2Cr-2Nb alloy, it is
possible to obtain a s malromligudphaset of b phe

The hexagonal closegla ¢ k e d U  ptédrteng pwint fos microktrecture
transformation and it is obtained Iheating the material above thé t r ans us
temperature in theinBiguneds).e U phase region (
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Figure35: Central region of the TAl phase diagranb5].

Byheating in the U wihtahs ed rpehgai soen sae gnraetgearti eac
mi crostructure i s homogenized, the createc
through a diffusiorcontrolled growth and dissolutidB8].

To overcome grain growth phenomena at these temperdtusegossible to
perform recrystallization by hot working or-neicleation. In renucleation, during
the(hb+o0A U reaction, the o sptieaxleationdfssvol ves ari
grains.
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Considering the -Tidaloyintheldasx npemas e fr d dieo m,

is possible to compare the phase transformation reddfortd+oA b+0 wi t h
the cool img+oAedatot. i on 9

The dimensions of the lamellae created with the first reaction are the same of
the preexistingUgrains produced in thdphase region.

In the second reaction, théphase start to precipitate during cooling at the
{111} plane of the tetragonal p h eeadg presdnt.

The near gamma or equiaxed microstructure is obtained with heat treatment of

a materi al wi th fine euteoidemperatare (J mt ur e
theU+o r e Tin&igure @5). During cooling théJtransfers intd phase and
at the grain boundaries between gr ai ns . 't i s possible

each phase by the lever rule. The duplex microstructure is obtained with a higher
heat treatment temperature intle 5 r e gi o n 2 dndd einh Figure 85). T
The Al content and the cooling rate have an influence on the lamellar volume
fraction.

The near lamellar microstructure is than obtained by rising the heat treatment
temperature just arountié U transus temperature {Th Figure 35). During the
heat treatment at such temperatures, coarsening of the predominant phase occurs.
[55][89][77][90][91].

Some alloyinged ment s, such as Nb, Mo and Ta
are used in thirdjeneration alloys in order to improve mechanical and workability
properties. The effect of these elements and thesedbirdration alloys, named as
TNM and based on the nominaomposition of Ti43.5A4Nb-1M0-0.1B (at.%)
are deeply described in the followisgctionsl.9 Effect of chemical composition
and1.10 Alloy development and generationdfiAl alloys.

| n -sobdifying multi-p h a ssBAI aloys, it is possible to obtain a
mi crostructur al homogeneity and a desi

phase field region combined with absequent stabilization treatment near service
temperature.

Thanks to the alloy compositiphase t he

LAL +HbA b +A0b + UAD+ bot BA U+oh oA U+0b6+ 8 U+t b+ 0 i s

act

red
cast/HIP condition, by means of asimplestioe r m anneal i ng wi t hi

n
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ensured

(LAL +HUA & )[92].

Studies have demonstrated that ordgrinr e a -d@ifAl) (bet stfucture);
bo-TiAl (B2 structure) at about 1415°C (T ¢§ take place and this significantly
affect the howorkability of TNM alloy and cause embrittlement at ambient
temperature and creep iss(@8].

instead of a peritectic solidificatiomccording to Figure 36a

In order to avoid grain coarsening effect during the microstructural tunisg,
necessary to avoid a single phase region at elevated temperatures. For,instance
supressed. |t
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1.8 Mechanical properties of TiAl alloys and influence of
microstructure

TiAl-based alloy are considered promising for cedainctural application because

of their interesting specific mechanical properties that, thanks to the low density of
these alloys, are comparable to the properties of other well studied materials for
aircraft and automotive engine such ashidsed supeliays.

By replacingthe Nbased superall oy i n-Tiglatss tur bi ne
possible to increase up to two ti-me the t
TiAl alloys with small additions of Nb, Cr and B present the same specific strength
of Ni-based superalloys, but lack room temperature ductility (<3%) and fracture
toughness (<35 MPa ). On the other hand, the high temperature creep and
fati gue b edTialvallogsucars be @dnsidered equivalent to that of
superalloys at temperatures to 750°C[62].

It is demonstrated that there is a strictly relationship between structure and
properties of some TiAbased alloys processed via different manufacturing
techniques. The processing route is very effective in controlling the microstructure
because of the 8d state phase transformation from a hexagonal single phase to a
ordered hexagonal and ordered tetragonal two phase structure.

It is also demonstrated that, in general, high and low temperature properties
cannot be optimized simultaneously and the pracgs®ute, alloy composition
and heat treatment shall be optimized in order to obtain an acceptable compromise
between these propertig5]. The mi crostrauodupélidse bhe du
alloys can hence be engineered to extibjproper set of mechanical properties for
the desired application. In particular, as it will be deeply described in the following
part, the duplex and fully lamellar microstructures present thtecbasbination of
mechanical properties.

The type of microstructure is not the only factor controlling the mechanical
properties of these alloys bititis also important to control and optimize certain
microstructural parameters such as grain size and leEmspacing. These
parameters have a strong influence on certain mechanical properties and it has been
reported that fracture toughness is inversely proportional to the lamellar spacing
and directly proportional to grain size. At the contrary, ductilitgrdase with
increasing grain sizg2][83][70].
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The gener al -TRrabogsearetrepated iMalble 12 and in the
following sectionseach property and the effect of microstructure will be analysed
and described.

Tablell: Gener al pr o p elfAtailogs$75]03][541©4]0 / D019 o

Density 3.7-4.0 glcn?
Youngds modul u 160-180 GPa
Temperature
Yeld strength at Room Temperature 400-650 MPa
Tensile strengthat Room 450:800 MPa
Temperature
Tensile strain to rupture at Room 1-4%
Temperature
Tensile strain to rupture at High 10-60%
Temperature
Fracture toughness Kn at Room 10-20 MPa 2
Temperature
Temperature limit due to creep 900-1000°C
Temperature limit due to oxidation 900°C
Thermal conductivity 22 WmtK?

1.8.1 Deformation mechanisms

The brittleness of TiAl alloys is due to their low dislocation density or absence of
mobile dislocation. The dislocation mobility and the material behavimaer
mechanical load are two important factors controlling the strength and fracture
behaviour of these alloys. In order to predict the material properties it is essential
to understand the micnmechanisms that control the multiplication and mobility of
dislocations.
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Ordinary dislocations, ordered twinning and superdislocations are the
def ormati on modes present in the o2 phase.
to the slip planes in the bl

Slip and twinning dislocation modes operate on the ghasked {1 1 1} plane.
Slip occurs on the clogeacked {1 1 1} plane because of the faemtered cubic
structure of the o9 phase. Ordinary disl oc:
0> type Burges vectors on the {1 1 1} plane are due to the layered arrangement of
atoms on the (0 0 2) planes and the tetragonality ratio of 1.02.

At low temperaturess<l1 0 1] superdislocations are dominant in the single phase
o-TiAl while at high temperatures deformation modes are controlled by twinnings
and slip by 1/2<1 1 0] ordinary dislocations. The poor room temperature ductility
o f s i n g |-TéAl ip dxp@lasned byothe very limited mobility of <1 0 1]
superdislocations at room temperature due to the covalent naturd io&ad T
Al bonds.

Regarding the lamellar microstructure dual phase TiAl, at low temperatures
twinning and glide 1/2<1 1 0] ordinary dislocatsoare predominant and at high
temperatures glide of superdislocations are significant. For lamellar
microstructures, mechanical properties depend on different factors such as lamellar
orientation respect to the loading axis and microstructural variablas (gjze,
thickness and lamellar spacif@p] [96]. The mobility of dislocations with 1/2<1
1 0] Burger vector is also improved by reducing the interstitials and impurities in
>Ti Al . T h e »-TeAl phase in a aldal phhseAliis to get interstitial
impurities in its laths from adjacent laths because of the higher solubility of
impurities in it[55] [97] [98].
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Figure37: Potential sl ip afTidl{ltld}liplanes[97]g syst ems i I
1.8.2 Tensile properties and ductility

The dual phase alloys having a duplex microstructure formed by fine lamellar

colonies and equiaxed gamma grains exhibit the best ductility. However, tensile

and ductility properties are also strongly influenced by other factors such as alloy
production medtods, heat treatment, microstructural variables and alloy
composition. Considering the microstructural features, the ductility is controlled by

grain size, L/ 2 ratio, variations in | att.:
details, the best ductilitg achieved witha0B0 . 4 L/ o ratio. Because
dependence of the/loL/raati @t i d hfer dmst heduldt i
consi de#o nrgattihoe bdet ween 3% and 15%. The i nf
is mainly due to the effectf &l content on these ratios and different studies have
demonstrated that the optimal Al concentration is 48% (at.%). Al amount has also

an influence on tetragonality ratio c/a of the lattice and other small ternary or
guaternary alloying elements addedhe alloy composition, improve ductility by

decreasing the unit cell volume of the lattice. As it will be described, an important

example of impurities affecting ductility is the presence of oxygen.

Regarding the tensile properties, in general, the ulénk@nsile strength at
room temperature vary from 300 MPa to 700 MPa, the yield strength between 250
600 MPa and the elongation between 0.B%% [99]. The influence of the
microstructure on tensile propertiesrabm temperature is an important factor to
keep in account for engineering structural applications.

Materials with fully lamellar structures and duplex structures exhibit different
tensile properties as shown in stréssstrain curves inFigure 38 [95]. FL
microstructure brings to lower tensile strength compared to the duplex
microstructure because of the coarser grains, lack of slip and twinning activity.
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However, by decreasing theagn size in FL structures, both ductility and strength
are expected to increase.

The tensile yield strength is inversely proportional to the grain size and this
trend is described by the Hdletch relationship that estimates the necessary stress
to transnit dislocation through the boundaries:

ljy - 0 ‘& kyd-l/2

d indicates the structural length parameter of the microstrudtw(@trinsic
strength) andky are constant depending on the matdal.

Duplex Fully-Lamellar

Stress (MPa)

: GS (pm}
0 i A i i i 1 I L ] NI TS TR T |
0 1.0 20 3.0 4.0 0 10 15
Strain (%) Strain (%)

Figure38: Tensile curve of alloys with different microstructure and grain[8iZE

Considering the TF48AI-2Cr-2Nb alloy, in the transition from a totally
equiaxed microstructure to a duplex and finedlya FL microstructur# is possible
to observe a decrease in ultimate tensile strength and yield strength with the
appearance of lamellar grains. Tensile properties remain constant between 20% and
80% of lamellar grains and from 80% of lamellar grama EL microstructure UTS
and YS further decreasEigure 39[100]).



56 Introduction

B OPM-Ti48AIZCr
8,0 PM-Ti48AI2Cr2Nb

= a

a

=

£

2

-

7

3“ A A
0 20 40 60 80 100

Volume fraction of lamellar grains [%]

Figure39: Tensile strength (UTS) and yield strength (YS) as function of volume fraction
of lamellar graing100].

The effect of lamellar spacing on yield strength for a FL material is represented
in Figure 40[95].

Gamma
m - L
| 0, =0+ kg 12 .
-1 MPa m
o i 1 A
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Grain Size, 1/d {m)

Figure4(: Yield strength, grain size and lamellar spacing relationship for FL
mi crostructure. d: g9phin size; @&: |l amell ar
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The effect of grain size and type oficrostructure

strength and elongation is summarizedigure 41[99].
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Figure41l: Room temperature tensile strength dndtility of TiAl alloys with different
microstructures and different grain s[28].
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The brittleto-ductile transition (BDT) is a particular characteristic oégé
alloys affecting the tensile ductility. The BDT temperature can varies from 550°C
to 800°C depending on alloy composition and microstructure. Considering the alloy
ductility, it slightly increases with temperature up to the BDT then, the ductility
rapidly increaes because of the activity of twinning and ordinary dislocations.
Dynamic recrystallization takes place in the necking area of tensile specimens. As
it is possible to observe frofigure 42, for si-ligllyeld strength e o
gradually decreases up to the BDT and then rapidly decrease at higher temperatures.
Ultimate Tensile strength presents a slight increase up to about 600°C, peaks
between 600°C and 700°C and then dramatically decrease. This behaviour is
charateristics of intermetallics because of their long range ordering.

Dual p-ThAd doenot present the anomalous yield strength behaviour
observed and the ultimate tensile strength peak appear at slightly lower temperature
[70][101][55].

1.83 Fatigue behaviour

Fatigue resistace and fatigue crack growth resistance can be an issue for the
materiab, especially in critical aircraft engine application. There is a need for
material scientist and designers to consider the mechanisms governing the fatigue
properties in TiAl alloys ad consequently optimize the microstructures and
develop consistent lifing methods. Fatigue properties are also strictly dependant on
environmental factors such as temperature and environmental atmd4gi2$re

The different fatigue properties are higicle fatigue (HCF), lowcycle fatigue
(LCF) and fatigue crack growth resistance (FCG).

A typical HCF diagram showing the S/N curves for a binary lamell&6T5Al
(wt.%) alloy at different temperatures is reportedrigure 43[103].
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Figure43 SN curves for a F36.5A1 wt% alloy at different temperaturgs03].

It is possible to notice that a slight applied stress amplitude variatioeadn |
to a significant variation in the number of cycles to failure. Furthermore, the fatigue
resistance is not significantly affected by the temperature up to 800°C.

In high-cycle systems, ductile metallic materials exhibit a knee at abSut 10
cycles in theS/N diagram. For highesycles,the curve is horizontal at a certain
stress amplitude that is considered the fatigue limit. TiAl alloys S/N curves continue
to decline gradually with increasing number of cycles to failure. For materials with
this type of behaviour, the fatigue limit is defined as the stress amplitude
corresponding to a certain number of cycles, ofteh DQplex and lamellar TiAl
alloys exhibit a fatigue strength at’i®cles that is 780% of the tensile strength
[49].

Regarding the microstructural effects, it is possible to consider that fatigue is
affected by the same factors affecting the creep resistaotteduplex and lamellar
structures exhibit good higtycle fatigue properties up to high temperatures.

Up to 800°C, the fingrained duplex microstructure increase fatigue life and
at higher temperatures, the microstructure bringing to longer fatigus tifie fully
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lamellar[55]. In particular, the better fatigue behaviour of dupitggrostructures

at temperatures lower than the BDTT is due to the finer grain size. At higher
temperatures, lamellar structures present higher strength and this lead to a better
fatigue resistance.

In Figure 44the infuence of different microstructures on the room temperature
fatigue resistance is represenf8d][102] [103][104].
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Figure44: Influence of microstructure on the room temperature fatigue resigteive

The microstructure reported by Larsen et aFigure 44 are mainly based on
the K5 (T+46AI-2Cr-3Nb-0.2W) alloy. The K5RFL refers to a refined lamellar
microstructure and the CBS is a carbdmoronsilicon modified K5 alloy. Other
alloys reported in this comparison are th@53alloy (T+46Al-2Cr-2Nb-1Mo-0.2B)
and the 47XD (T47Al-2Mn-2Nb-0.2W). The microstructure is strongly affecting
the shape of the-N curveg104].

Filippini et al. have demonstrated that the microstructure and the characteristic
dimensions of théamellar colonies are fundamental parameters to determine the
fatigue st r eTAl albys. Bor botth the stuelird ABAI-2Cr-2Nb
(at.%) and high Nb TiAl, peculiar inherent microstructural features, observed on
the fracture surface of the fatiggpecimens, act as crack initiation sites controlling
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the fatigue strength of the material. In particular, it was observed that fatigue
failures by translamellar cleavageriginate from lamellae having unfavourable

direction respect to the loading dirext[105][106].

Because of the high strain in lesycle fatigue condition, the LCF fatigue
resistance is mainly governég the material yield strength and ductility. For this
reason, duplex microstructures bring to longer-tywle fatigue life respect to
lamellar microstructures. Up to the BDTT, lawcle fatigue resistance is not
affected by temperature, in a similar wafystrength and ductility properti¢$02]

[107][108][109].

Figure 45 represents the LCF behaviour of different TiAl alloys with various

microstructures at 600 AsGlidifiedXDd5 alog @H y s e d

45A1-2Mn-2Nb + 0.8% vol. TiB) having a random lamellar microstructure, the
XD47 alloy (T+47AI1-2Mn-2Nb + Q8% vol. TiB) duplex microstructure with
lamellar colonies elongated along the loading axis, a duplex and lamellar ABB alloy
(Ti-48AI-2W-0.5Si) and a GE alloy with a duplex microstructure that is the Ti

48AI-2Cr-2Nb [110].
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Figure45: Low-cycle fatigue behaviour of different alloys at 60QiC0].

As it is possible to observefom Figure 45, the alloy compositionand
microstructure are the main material charactegstituencing the LCF resistance.
Thenearlylamellar XD45 alloy exhibits the higher resistance. This alloy present a
lower aluminium content and a fine lamellar structlirbéas been established tha

NUMBER OF CYCLES TO FAILURE N,

al
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the aluminium content, by governing the lamellae width, also controls the flow
stress and the LCF resistance. In fdog bbwer aluminium content in the XD45

al |l oy i nephasawlrse fractioa lovring the stiffness of the material.
The presece of interstitial atoms also increase the LCF resistance. Moreover, by
comparing the duplex and near lamellar ABB alloys, the duplex presents the higher
LCF resistanc§l10].

1.84 Fracture Toughnessand crack propagation resistance

Regarding the crack propagation mechanism, fracture starts from the crystal
defects, such as vacancies andlatiations. These defects can evolve into
microcracks that may gradually turn into macrocracks or cavities. The first step is
named crack initiation and the second is the crack propagation. The total fatigue
life (Nf) is controlled by the crack initiatidife (N;) and the crack propagation life
(Np) and the relationship between these two parts is:

Nf = N + Np

Both the crack nucleation life and microcrack propagation life are included into
the crack initiation term ()

Considering the fatigue crack nuateon mechanism for crystalline materials,
the crack nucleation is assumed as the result of partially retarded plastic
deformation. The alternating stress is the key factor causing fatigue cracks and the
prerequisite is the local plastic deformation. lagtice, the stress concentration
play an important role in the crack initiation process because crack originates from
the components surface or from stress concentratiorjldrgp

In order to analyse the influence of dtagize on fatigue life, it is possible to
consider the extended KitagawWwakahashi diagram proposed ltgrsen et a]104]
[112]. (Figure 46)



Introduction 63

Log(Ac)4 i v
Ratio 5 AUTSIHE» :

not strongly I N\
Failure

dependent on - oredicted
4 -~

nucrostructure A ey ~
M Him ~

Ko o e
St '|g§y?ilqmldéu1 2
on nrasteuctue

AK(‘IIY th
Not strongly depender
on gstructure

>

Log (a)

Figure46:. Schematic extended Kitagawa diagram influencing the microstructure of the
different regiong104].

In the Kitagawa diagram used to study thefae defect tolerance for a certain

Ti Al all oy, the safe oper a#adndthelizefoea i s un
t he t hr eshok.dn the@xtetded diagram, tpboundary conditions
corresponding to fracture within a single cycle areluded. These boundaries
conditions are the ultimate tensile strength UTS limit and the fracture toughpess K

for fracture controlled by defects. The finite fatigue life between the boundary
conditions can be predicted with S/N curves and FCG data. Thksrebtained

with thistypeof diagram have suggested that the ratio between the fatigue limit and

UTS is nearly constant also varying the microstructure. Therefore, an increasing in

the fracture strength is expected to cause a fatigue limit improveirisatiso been
demonstrated that microstructure does not have a strong influence on the effective
threshold value. By the contrary, microstructure strongly influence the fracture
toughness and -9 heni or axtdr uncetaurrleys exhi bit
toughness. Considering the effect of small and long cracks, a fine duplex
microstructure tends to induce initial cracks with small size, while in lamellar
microstructures there is a formation of initial defects with size comparable to the
colony dimensionThis means that the fatigue propagation life is lower, despite of

the superior FCG resistancéhe best compromise is given by refined lamellar
microstructure having a good balance between crack initiation and-ttdéreince
propertied102][103].

In a similar way to other properties, fracture toughriEss of double phase TiAl

alloys depends on the microstructure. Fracture toughness can varies from 10
MPa& m t MPaA ® f or  d-graned microdtiuatuees depending on the
gamma/lamellar grain ratio. A significant increase is observed for fully lamellar
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microstructures, where it increases with lamellar grain size and can ranging from
20MPaa m t MPaBrg70][101].

Fracture toughness is strongly influencaldo by lamellar grain bounda
morphology. It has been demonstrated that interlocked grain boundaries present a
higher fracture resistance compared to smoot grain boundaries.

It is interesting to compare the fracture behaviors of duplex and fully lamellar
microstructures at room terag@ture and consider the effect of plastic deformation
in these two microstructureBigure 47) [99].
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Figure47: o-TiAl Toughness for dupleand fully lamellar microstructurd99].

Low plastic strain near the onset of crack extension and no resistance to crack
propagation has been observed for duplex microstructmeshe other hand,
lamellar microstructures exhibit large plastic strains near crack tip and increased
crack propagation resistance with crack length. This behaviour is repoFigdia
47 where the toughness versuaak extension is represented for both duplex and
fully lamellar microstructure. It is possible to notice that for fully lamellar
microstructure the toughness value increase from the beginning of the crack
propagation to reach a maximum values of toughisassration (k). Duplex
microstructures exhibit lower and constant values of toughness. This means that, in
duplex microstructures, near the beginning of the crack extension only a small
plastic deformation is observed bringing to a constant resistarsgtopagation,
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whereas, in fully lamellar microstructures, the higher plastic deformation leads to
an increased resistance to crack propag§8ah

The anisotropy behaviour of lamellar microstructures is supposed to act as
composite reinforcement blocking the crack front growth and, in the case the front
is perpendieubard amel the, Uthis hindering
interactiors between the crack tip with lamellar boundaries involve crack deflection
and crack immobilization creating a more tortuous crack path.

The fracture mechanisms in lamellar alloys are interfacial delamination,
translamellar fracture and decohesion [@Emellar colonies. & duplex
microstructures, themechanismare intergranular fracture and cleavage.

Figure 48 shows the temperature dependence of fracture toughness for two
different microstructureg!9].
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Figure48: Fracture toughnessTemperature dependence for lamellar and near gamma
microstructure$49].

For lamellar microstructures, the crack propagation resistanceaisly
controlledby toughening mechanisms related to the lamellar morphology. The near
gamma microstructures present a fracture toughness temperature dependence
suggesting that the crack tip plasticity can lead to a significant toughening as
previously assessed. At higlemperature, the high glide resistance of the
dislocation is dramatically reduced due to thermal activation and diffasisisted
climb. At high temperature the glide process can spread within the plastic zone
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more easily than at room temperature. Consettyjethe fracture mechanism
changes from cleavage to an energy absorbing ductile form passing from low
temperatures to high temperatuf43).

1.85 Creep properties

The operating temperature and the efficiency of many -tegiperature

applications such as gas turbines are limited by the creep properties of the material.

For instance, LPT blades must not creep more than 1#nwi0000h at about

700°C under a tensile stress of iTBOMP&[72]. I n gener al , -creep pr
TiAl alloys are lower or comparable than niclkelsed superally, and this deficit

limits the replacing of superalloys by titanium aluminides. Since the creep

properties are microstructure and alloy composition dependant, it is possible to

optimize these two factors in order to improve creep resistance in TiAl alloys

Considering the effect of the microstructure and the morphology of
microstructural phases on creep, it has been demonstrated that fully lamellar
microstructures with large lamellar grains brings to enhanced creep properties
compared to the duplex micrasttures. In particular, if the lamellar grain
boundaries are serrated or interlocked the creep resistance is further increased.

As an example, considering the steady state creep rate in air at 760°C and 105
MPa for the Ti48AI-2Cr-2Nb, it was found to b&.3 x 10°h for a duplex
microstructure and 4.0 x ¥th for a largegrained fully lamellar microstructure. In
| amel | ar s lathe actaseinferementintl dislodation movements are
inhibited by interfaces with large area and reduced lamellar spacing. By the other
hand, duplex structures are characterized by a higher dislocations mobility within
t he equi axed ) grains and t hanee causes
[83][62][55][70][49][92].

Figure 49a shows the effect of applied stress on the lwrgn creep of a Fi
48Al-2Cr alloy and the effect of processing conditions of a particular engineering
alloy. In Figure 4% it is evident that for similar microstructures, the effect of the
processing route, HIP and heat treatment causes a significant variation in creep rates
[113].
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Figure49: Creep properties of twphase titanium aluminides. a)-#8Al-2Cr, duplex
microstructure; b) F47Al-3.7 (Nb, Cr, Mn, SH0.5B produced by investment casting
with (1) nearly lamellar microstructure and lamellar spacing-0.8um, (2) duplex
microstructure and HIPped, (3) HIPped and heat treated near lamiellastnucture,
lamellar spacing 10 nm to Opn [113].

The environmental effect on creep has to be considerduigh temperatures. In
particular, creep fracture is extremely sensitive to oxygen. The other factor
influencing creep resistance is the chemical composition and, as it will be described
in more detail irthe nextsection increases in aluminium conteaind additions of
carbon, nickel and tungsten enhance creep propdiie$]. It is also been
demonstrated that addition of silicon decreases the primary creep strain and
minimum cgeep rate and also increases the ruplifeeand elongation to failure
[115][116][44][117].
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1.86 Oxidation resistance

The pooroxidation resistance of titanium aluminides at temperature higher than
800°C is one of the factors limiting their application at high temperatures. However,
up to this temperature, the oxidation resistance of TiAl alloys is considered
acceptable. At tempature up to 80@850°C, titanium aluminides present a more
desirable tendency to form a protective alumina@4) layer than rutile (TiQ)

scale, while at higher temperatures the poor oxidation resistance is due to the lack
of protective alumina scale and the rapid growth of detrimental [b#leThe four

di fferent |l ayers formed bel owWiAIBMOXAC f ol | oV
to the outwards. Near timeatrix, a thin layer of T4Al can be observed.djacent to

it, a rich ALOs layer, than a mixture of Ti@a n dAl.Os and an outer layer of TiO

From the SEM cross section igure 50 it is possible to observe the different
layers formed after exposure for 3000 cycles in air at 800°C for ageama T4
48Al-2Cr alloy[118].

Figure50: SEM crosssection micrograph of negamma Ti48AI-2Cr alloy after
exposure for 3000 cycles in air at 800°C (each cycle 1h at 800°C and 12 min at room
temperature)118].

EDX analsis has demonstrated that the layer (1) contains only Ti and O. the
thin layer (2) presents also a small content of Al. LayedsdBd 5) contain a higher
Al to Ti ratio that the first two layers. At the scale/metal interface an aluminium
depleted zonean be observed and EDX analysis revealed that the aluminium
content in the oxide scale near the oxide/matrix interface was higher than in the
oxide scalg¢118].

The detrimental effect of rutile scale is also due to its tendency to do cracking
and spallation after a certain number of cycles, especially at edges and corners.
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It has been demonstrated that microstructure has ditijeanfluence on the
oxidation resistancerigure 51 compares the mass change o#48Al-2Cr alloy
with different microstructure during exposure at 800°C in air for 150 Haus].
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Figure51: Mass gain vs. time for #48AI-2Cr with different microstructures in air at
800°C[118].

Regarding the effect of alloy chemical composition, a higher concentration of
Al is neededto achieve a protective alumina scale. The principle is to decrease
oxygen diffusivity and solubility and to increase the aluomm diffusivity. Onthe
other hand, a too high Al concentration is not desired for application betteuse
loss of ductility de to the formation of brittle TiAlphase. The addition of ternary
and quaternary refractory elements such as Nb, Ta, Mo, W, Zr or Hf is demonstrated
to improve the oxidation behavipof TiAl alloys. The effect of these elements is
to prevent the growthfodetrimental rutile[119][57]. Figure 52 shows as an
addition of Nb to the alloy composition can impreviee oxidation resistance of
TiAl alloys [119]. The effect of the different alloying elements on the different
pr oper TiAlevil be@rfalized in more detail in éhfollowing chapter.
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Figure52 Mass gain vs. time for #48AI-2Cr, Ti48Al-2Cr-2Nb and Ti48Al-2Mn-2Nb
upon isothermal oxidation in air at 800FL19].

From the technological point of view, further improvements have been
achieved in order to ext-TeAhlyudingpropesrer vi ce t
thermal barrier coating or surface treatm{@20] [121] [122] [123].
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1.9 Effect of chemical composition

According to the component requirements, the chemical conposit the alloy

shall be optimized and strictly defined in order to achieve the final microstructure
and desired mechanical properties for the application. In fact, the chemical
composition haa strong influence on the material properties and microstejct

in addtion, alloying elements brintp a phase boundaries shift in the alloy phase
diagram by altering the path by which microstructures evdiigue 53) [59].
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Figure53: Section of the FAI phase diagram. The shift direction of the phase
boundaries for ternary alloying addition is indicated by the ardwe length of the
arrows indicating the magnitude of each elenfg@}.

The phase boundaries shift caused by the ternaryirajlogddition isan
important factor to take io account when the alloy has to be heat treated. The
influence of the chemical composition of TiAhsed alloy was the subject of
several studies and it is currently considered for new alloys develogbtgnt
[44][58] [124] [46] [32] [59] [125] [126] [57] [94] [93] [113] [127].

Table 12 shows the main effects of the chemical composition, with elemental
concentration range considered for gas turbine applications, where ductility, high
temperature strength, creep and oxidation resistance are extremely important.
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Table12: Effect of chemical composition and main alloying elemgoms.

Optimal
Element content Effects
(at.%)
Aluminum (Al) 46- 48 Insures the highesbom temperature ductility
Improves room temperature ductility and corrosion resistan
Chromium (Cr) 12-2 P P o Y
( {stabilizer)
Improves oxidation resistance, creep resistance;teigiperature
Niobium (Nb) 6-8 strength and erosion resistance
( fstabilizer)
Silicon (Si) 0.31 04 Improves creep strength and oxidation resistance
Increases internal friction and improves resonance resistan
Nickel (Ni) 0.57 1.2 Improves oxidation resistance
( fstabilizer)
Increaseoxidation resistance
Yttrium (Y) 0.17 0.3 Grain size reduction
Reduces ductility
Increase oxidation and creep resistance
Tungsten (W) 0.5 . . P
Grain size reduction
Improves high temperatures tensile strength and ductility
Improves castabilit
Vanadium (V) 057 1.1 prove Yy
Grain sizereduction
( fstabilizer)
Grain size reduction
Boron (B) 0.5-1 .
Increases room temperature ductility
Increase oxidation resistance
Zirconium (Zr 0.2 .
irconium (2r) ( fstabilizer)
Increase oxidation resistance
Hafnium (Hf) 0.2 -
( Istabilizer)
Improvescreep and oxidation resistance
Tantalium (Ta) Tendency for hot cracking
( {stabilizer)
Improves creep and oxidation resistance
. Improves high temperature strength
Molybdenum (Mo) |  0.47 0.8 P 1gh femperat g
Grain size reduction
( fstabilizer)
Improves creep resistance
Iron (Fe) 0.471 0.8

Grain size reduction
( fstabilizer)
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0.05i 0.12 L ;
Carbon (C) (Wt.9%) Increase creep and oxidation resistance
Grain size reduction
Manganese (Mn) 0.2-4 Improves ductility
( Istabilizer)
Increase Creep resistance
Cobalt (Co) 1-3 ( Stabilizer)

Dual ((h + 2) phase alloys can present an Al concentration between 40% and
48.5% (at.%). Ductility of these alloys increases with the increase of Al content up
to 48% and, between 48% and 50% of Al the ductility decreases. This can be
explained by Al effect uporhé microstructure, in fact, the fraction of equiaxed
gamma phase increases with the increase of Al concentr&igard 54) [55]

[128].
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Figure54: Volume fraction of equiaxed gamma phase as a function of the concentration
of Al [128].

The yield strength versus Al contergnd is opposite respect to ductility. It has
been observed that yield strength increases with decreasing Al content. This is due
to the effect of Al on the lamellar thickness. More precisely, a decrease of Al brings
to a decrease of the number of thidklamellae. The decrease of the average
thickness of the-lamellae leads to a finer lamellar microstructure with a positive
effect on the yield strength of the material.
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The Al concentration between 46% and 48% is also necessary to insure good
oxidationresistance.

Regarding the influence of niobium, it has been found to produce strengthening,
in particular at high temperature, for an addition between 5% to 10%. A relatively
small solid solution strengthening due to shiarige dislocation interactions thi
solved Nb atoms is observgnl 3]. Studies have revealed that Nb occupies the Ti
sublattice and this leads to an increase of thevolume fraction and to a
microstructure refinemerj#9]. Nb tends to stabilize the lamellar structure and its
addition causes a decrease of alloy ductility. The most important advantages of Nb
addition is the improvement of oxidation resistance of TiAl alloys at high
temperature. Considering tsecond generain Ti-48Al-2Cr-2Nb, the addition of
Nb of 2% (at.%), it is revealed to be sufficient to obtain a significant increase in
oxidation resistance for gas turbine application. Moreover, to push the application
of TiAl at higher temperature, i.e. higher LPTgsta, certain latest developed third
generation TiAl alloys, also named TNB alloys, can reach a Nb content ufoto 10
An addition of higher amount of Nb is not considered beneficial because it will be
increase the alloy density up to the density eblsesuperalloys. The addition of
Nb in the alloy could increase the activity of Al for the formation of the protective
Al2Ozscale and suppress the growth of Zi@Iso the addition oMo or Sb presents
a similar effectOnthe other hand, the presence of ad¥iiniched phase (NBI and
NbzAl) it is demonstrated to decrease the high temperature oxidation resistance due
to Nl»Os formation which promote the spallation of the oxide s¢B®®]. Figure
55 shows the influence of Nb on the weight gain at different temperatures of an
alloy with a constant Al contefit30]. Figure 56 shows the isothermal oxidation
behavior comparison at 850°C and 950°C between ternary TiAl alloys with
different Al content and 2% and 8% (at.%) dj [$7].
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Figure55: Effect of Nb content on the oxidation behaviour of alloyhwvi@6.5% (wt.%) Al

[130].
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The exact mechanism of th&idation protection due to Nb but also Mo akd

is object of several studies and many authors support the hypothesis that in TiO
formed during oxidation, the oxygen diffusion can be controlled by vacancies. The
vacancy concentration should be reducedodog with valence +5 or +6, such as
Nb and W, incorporated in the scale and this brings to the suppression2of TiO
growth. Moreover, the mixed (TNb)O; rich layer is more dense and chemically
uniform compared to the pure rutile scale and this prevent the oxygen diffusion
through it[73] [74] [131].

It is also demonstrated that the combination of Nb and Si can improve the
oxidation resistance of TiAl based alloys. Si modify the oxadesmorphology by
promoting the formation of a dense-@k in the internal part of the oxide scale.
Figure 57 shows the variation of oxide scale thickness with Nb and Si content
[132].
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Figure57: Change of scale thickness with Nb and Si con{di2)].

Chromium is commonly present at 2% (at.%) in the alloy composition in order
to increase ductility. Its effect it is to slow the kinetics of lamellar phase formation
increasing the equiaxed/lamellaam ratio[114].

Certain alloying elements are added in small amount depending on the
processing method, in order to improve the workability or to enhance the
microstructural chaxderistics of the aprocessed material. In particula;
stabilizer elements are added to improve the hot workability in wrought alloys and
boron is added in cast material as a grain refiner. Other and advanced manufacturing
processes, such as the ElestBeam Melting additive manufacturing technology,
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does not requires particular addition of alloying to improve workability as these
technologies allow to produce near-shape components needing a limited post
processing. Alloying addition is however catesed in TiAl based alloys processed
by EBM in order to improve the material properties.

The presence of limited amount of other light elements as contaminants, in
particular oxygen, is an inevitable consequence of the processing route. Even if the
produdion process is conducted in a vacuum or inert protective atmosphere, it is
common to have an oxygen content of about 1000 wt. ppm in the final TiAl
material. However, the oxygen content has to be kept under control because of its
detrimental effects on éhmaterial properties and microstructure. As it will be
described in the following chapter, EBM presents several advantages in terms of
controlling impurities because it is a hot process and conducted in high vacuum,
therefore, the degassing of impuritiekes place. Titanium and titanium alloys
present a high affinity to oxygen, and oxygen atoms occupy the octahedral
interstitial sites in the closgahcked structures. From the properties point of view,
an increasing amount of oxygen lead to a decreasedaility (Figure 58). The
microstructural effect of oxygen is the increase and stabilization of lamellar phase
formation and lamellar thickness. Oxygen presents an high solubility ikbthe
phase, while i the phases the oxygen solubility is 1§ixL4].
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1.10 Alloy development and generations ak-TiAl alloys

The optimization of the TiAl based alloys chemistry in order to obtain good material
properties and make this family of compounds suitable for applications in aircraft
engine and automotive components is nowadays a big challenge for the research.
Three geprations of TiAl based alloys have been developed over the last 25 years.
The first generation of developedliAl alloys contain between 45% to 50% (at.%)

of Al. As described before, by varying the Al content the ductility is significantly
changed. The ghest ductility is obtained with an Al content of48 at.%.

Since the first generation of TiAl alloys did not fulfilled the requirements for
application in gas turbine structural parts in terms of mechanical properties, further
improvements were obtaidewith the development of a second generation- of
TiAl alloys which presersta substantial addition of alloying elements. In these
alloys, the ductility is further improved by a Cr addition up to 2 at.%. In certain
alloys the ductility is improved addingn or V instead of Cr. High temperature
creep and oxidation resistance, that are critical and very limiting for application,
were improved by the addition of refractory elements such as Nb, Mo, Ta and W.
An addition of B or C can also be considered. Irtipaliar, B is used as grain refiner
and C to further improve the creep resistance and strength thanks to the precipitation
hardening mechanism. One of the most significant example of second generation
o-TiAl alloy is the Ti48Al-2Cr-2Nb alloy developed byseneral Electric for
application in low pressure turbine blades. This alloy exhibits balanced properties
up to the application temperature of 750°C. GE48AI-2Cr-2Nb casting blades
are used for the last two stages of the low pressure turbine of the ri&nhx
generation engine fro@007[133] but also in the more recantEAP enging134]
and GE9X[135].

Third generatioro-TiAl alloys present an increased temperature application
limit thanks to the alloying with a higher amount of refractory elements such as Nb,
Mo or Ta up to 10 at.%. Alloys like TNB and TNM present a large amount of Nb
and this lead to an increasing of the high temperature strength, creep and oxidation
resistance. TNM lloys were developed to improve both the-hatrkability and
the high temperature mechanical properties of TiAl alloys. For these reason,
additional alloying elements are added to induce the disoréigrbese at elevated
temperatures as ductile phase. hihs been demonstrated that thephase
stabilization can be achieved by Nb, Ta and Mo addjidh[136]. Also for these
third generation alloys, the microstructure and mechanical properties can be further
improved by a small addition of B and C. In 2014, forgtles made from TNM
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alloy have been implemented in the geared turbofan (GTF) engine equipping the
new Airbus 320ne68].
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Figure59: Temperature dependance of specific yield strengthTafl based alloys in
comparison with different structural materiggs].

In Table 13 different generations alloys described by Kotari et al. in the state
of the art ob-TiAl and other patentegtTiAl of industrial interest are report¢d5].
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Table13: TiAl alloys from the state of the art (2012) with chemical composition and
improvements of mechanical propertjgs.

Alloy name

Composition (at.%)

Alloy strengths

General Electric, USA.
48-2-2

Ti-48Al-2Cr-2Nb

Ductility, fracture
toughness and
oxidation resistance

Plasee, Austria.
o-MET

Ti-45A1-(5-10)Nb

High temperature
strength, creep,
fatigue and
oxidation resistance

GKSS Research Center,
Germany.

TNB Alloy

Ti-(45-47)Al-10Nb

High temperature
strength, creep and
oxidation resistance

Martin Marietta
Laboratories, USA.

XD™ TiAl

Ti-45A1-2Mn-2Nb-0.8B

Ductility, high
temperature
strength, stiffness,
creep and oxidation

resistance

Daido Steel Co. Ltd, Japan
RNTO004

Ti-47Al-0.4Nb-0.4Cr0.7Si

Ductility, creep

Daido Steel Co. Ltd, Japan
RNT650/DAT-TAL

Ti-48Al-2Nb-0.7Cr0.3Si

High temperature
strength, ductility,
stiffness, creep and
oxidation resistance

Daido Steel Co. Ltd, Japan
DAT-TA2

Ti-46AI-3Nb-0.8Cr0.7St
0.1C

Higher temperature
application limit,
high temperature
strength, ductility,

creep and oxidation

resistance.

The development of particular TiAl based alloys for automotive applications
such as turbocharger wheels or exhaust valves, takes in consideration the
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improvement of certain material properties in order to satisfy the requirements for
the automotive components. TiAbhsed products are currently used in automotive
applications and the alloy design in terms of chemical composition is actually the
subject & several studies. Several TiAl based alloys have been patented and used
by automotive companies such as Mitsubishi that in 1998 has begun to equip Lancer
cars with second generation turbochargers manufactured frdi®AT46.5Nb with

other minor addition§s6] [59].

Daido Steel has been developed a series of two TiAl based alloys for
turbocharger wheelpplication that have extended the possibility for this alloy to
be used at higher service temperature and thus in gasoline engirfeigise §0).
These alloys are the DATAL having a nominal composition of-BB3.5A+4.8Nb
1.0Cr0.2Si (wt.%) and the newest DATA2: Ti-31.5A7.5Nb-1.0Cr0.5S+0.03C
(wt.%). The high mechanical properties of these alloys have improved the
characteristics and performance of the turbochargers wheels produced by casting
by Daido. In partialar creep strength and phase stability at high temperature have
been increased thanks to the addition of C andFi§ufe 61). The presence of Si
together with Nb has led to an improvement of the oxidation resid@igtee 62).
DAT-TA2 exhibits an oxidation resistance that is comparable witlbased
superalloys up to 1000°[216].
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Figure60: Service temperature of TiAl alloys DATAL and DAT-TA2 compared to Ni
based superalloy4 16].
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The casto-TiAl alloy developed for the automotive applications named
RNT650 having the same composition of the DAAL alloy was already
described by Noda in 1995. Another Si containing alloy éxhaust valves
application is named RNT004 and have a chemical composition-88.5AF
1.0Nb0.5Si (wt.%). This alloys have been designed to presimtlamellar
structure in agast condition. For the turbocharger wheel application, this lamellar
microstructure brings to a better combination of mechanical propédfitasré 63)

[44] [127].
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Figure63: Specific strength of cast RNT004 and RNT650 alldys.

The development of TiAl alloys for automotive applicatimas also been
studied by Tetsui and Ono from Mitsubishi R&enter in collaboration with Daido
Steel and the environmental behavior of alloys with different composition and low
and high Nb content has been evalu§8] [46] [58].

The effect of the presence of Si in the alloy compaosition on the creep properties
have been analyzed by Noda et al. earlier in 1995. It has bewmndtrated that the
specific strength of Stontaining alloy is better than of a conventionaklldse cast
superalloy. The addition of Si, in an amount of 6265 mol.%, generates fine
TisSiz precipitates that was found to be effective in creep resistanhancement
for a fully lamellar T+48AI-1.5Cr (at.%) alloy Figure 64) [115].
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1.11 Additive manufacturing and Electron Beam Melting
(EBM) technology

As already introduced isecton 1.4.3 Intermetallics and Titanium Aluminidethe
processing of titanium aluminide via conventional manufacturing methods can be
complex due to the low ductility and fracture toughness of the material. In fact, the
limited use of TiAl alloys can be related to the difficulty in its production. Thetmo
applied conventional industrial scale processing routes include ingot casting, ingot
forging, hotrolling sheet produatin, investment and permanentlchoasting and
powder metallurgy processing. Conventional methods for alloying and ingot
production ae induction scull melting, vacuum arcmeslting and plasma melting.
Casting of TiAl alloys presents different problems to take into account, first is
the reactivity of the molten material with ceramics. The use ofwaltifurnaces
can in part solve thiproblem. However, the superheating of TiAl can only be
600°C, and tld make difficult to fill the mta properly. Perform the melting in
argon overcomes the problem of Al evaporation during the melting in vacuum
atmosphere. Further problems with castingthie anisotropic coarse lamellar
microstructure and alloying elements segregation phenomena.

Investment casting is successfully used to manufacturing certain TiAl parts
such as turbine blades but the high cost of this manufacturing method is an obstacle
for some industrial sectors such as the automotive. Permanent mold casting allows
to reduce the cost and by increasing the cooling speed of this technsjoessible
to obtain TiAl material with fine grained neaor duplex microstructures. The low
dudility of casted materials are generally due to the coarse structure obtained with
these methods.

With wroughtmethodsit is possible to obtain more ductile and tough materials.
In wroughtprocesseghe structure from the ingot is broken anecrgstallization
takes place. However, the workability of TiAl material has to be improved by
controlling the Al content and by adding some alloying elements such as Cr. The
production of a material with fine lamellar structures is desirable in order to obtain
goodmechanical propertigd37] .
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Recently, additive manufacturing technologies already proved to be a
promising alternative to casting or forging for titanium aluminides alloys.

Additive manufacturing techniques allow building of parts iayerby-layer
way accordingo a computer assisted design (CAD). One of the main advantages
of these techniqueeis the possibility to produce parts with complex shape and
geometry. The processing time can be reduced adopting AM techrentoldlge
material waste can be considerabldueed if the rausing of the unmelted powders
is considered.

AM can be divided ito Powder Bed, Material Deposition/Extrusion, Liquid
processes and 3D printing according to the way the layers are deposited during the
process. In particular, since ElectrBeam Melting (EBM) is the AM technique
considered in this thesis, the attention is focused on Powder Bed technologies. In
these techniques, layers of powder having variable thickaessdeposited and
consolidated by melting or sintering using a laseglectronbeam, whicHollows
a scan path defined by the sliced CAD model. Once a layer is completed, the
building platform is moved down, another powder layer is deposited and the next
layer can be consolidated. The process is repdayed by layer until the part is
completed.
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Figure68: Additive manufacturing process stdp8].

Powder Bed AM technologies are selective laser melting (SLM),tseddaser
sintering (SLS), direct metal laser sintering (SMLS) and electron beam melting
(EBM) [140] [141]. Figure 69 shows the classification of metal powdsrsed AM
processes and the main suppliers producing these AM ma¢hititis

Figure69: Powderbased Metal Additive Manufacturirigchnologies and suppliers
[142].

Among powder bed additive manufacturing (AM) technologies, Electron Beam
Melting (EBM) has proved to be the most suitable to produce TiAl parts. Other AM
technol@ies such as laser techniques do not meet the requirements for TiAl
production because of the not sufficient-pesating of the chamber in order to avoid
detrimental thermal gradients. Thermal gradients results in the formation of cracks
or micro-cracks inthe asproduced material. Another problem concerning the laser
techniques is the cleanliness of the process. In fact, the chamber atmosphere is an
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inert gas and not a higlacuum environment, like in EBM, capable to avoid any
pick-up of contaminantgl42].

EBM is a registered mark technology developed by Arcam AB. In 2002 the
first EBM machine model starts to be commercially available. The power source
used by EBM to melt the powders idh@h-energyelectron beam. The neaet
shape parts are produced lapgrlayer in a high vacuum chamber resulting in fully
dense components. The vacuum environment allows to process parts in reactive
materials, in particular titanium that presents a high igfffior oxygen.

Advantageous characteristic of AM technologies like EBM is the fine and
homogeneous microstructure obtained in théwk parts and the possibility to
choose the desired chemical composition of the material from thallpyed
powder. Tle schematic of the Arcam A2 and a photo of the Arcam A2X EBM
machines are representedrigure 70a and b[143].
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Figure70: a) schematic of the arcam A2 machine; b) photo of the Arcam [A2X].

The whole EBM manufacturing process can be briefly resumed as follow and
it is represented iRigure 71:

91 Design of the par, CAD drawing;

1 Slicing of 3D part into 2D layers;

9 Positioning of part(s) within building space and addition of support
structures if they are needed;

i Building of the part(s) layeby-layer;
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1 Removal of part(s) from th@achine, blow off surplus powder;

1 Collection of unmelted power from the chamber and not used powder from
the powder recovery system if powdefuse is considered.

Deposition of powder layer Slicing 3 D-CAD volume model

. Scanning

Lowering the ~g Removal of component
platform g

_,“ _ 4 | —
C | g i

U ! U

Figure71: Diagram of the EBM process.

The EBM process uses a hignergy focused electron beam and the melting of
the metal powder is obtained when kinetic energy from concentrated electron beam
is accelerated to a high speed.

The electron beam is generated in the electron gun by a tungsten filament
heated to above 200C by the filament current. The electrons released by the
filament are accelerated within an electrical field generated by a high voltage
applied between the filament and an anode. A control electrode is used to control
the beam current in the rangeb@mA and an electromagnetic coil focusses the
beam down to about 0.1mm. The electron beam can scans the powder layers in a
controlled way thanks to electromagnetic lenses named deflection coils.

The energy density that can be obtained with EBM is up to 106cKVThe
melting of the powder appends when the accelerated electrons impact with the
powder particles and their kinetic energy converts into thermal energy sufficient to
reach the melting temperature of the powder. At the beginning @irtleessthe
building plate made of a compatible material is heated to a certain temperature.

The metal powder are contained into two powder hopper, by grawatied on
the building platform and the layer is distributed by a raking mechanism. After the
melting of aayer, the build platform is lowered with each successive layer building.
The powder layer thickness is typically between 0.05 and 0.2mm depending on the
powder particles dimensions. Spherical powders with an optimized particle size
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distribution are used inrder to improve the flow and the packing of the powder
during the racking.

A preheating and initial sintering of the powder layer is obtained with an initial
multiple pass using a strongly defocused beam having a high rate scan and medium
beam current.n this phase, the powder is preheated up to 80% of the melting
temperature of the metal. The preheating of the entire build region is needed for
reducing the thermal gradient and, consequently, the internal stresses within the
parts between the last melteyyer and the already solidified built material. This
step is also useful to give electrical conductivity to the powder [ayidi [145].

The process is carried out under high vacuum and the typical pressures are 10
2 Pa in the vacuum chamber and*1Pa inside the electron gun. The-called
smoke phenomena due to the electricatghdormation in the powder is avoided
adding a small pressure of helium €1Ba) to the vacuum chamber. The added
helium has also the function to speed up the cooling of the built components inside
the chamber.

In Table 14 the main technical data for the Arcam A2 EBM machine are
reported. These data are available on the Arcam AB web[p48k
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Table14: Arcam A2technical detail$143).

Build tank volume 250x250x400 mm
(WxDxH) 350x350x250 mm
Maximum build size 200x200x350 mm
(WxDxH) 300x200mm
Model-to-Part accuracy
long range (100 mm) +0.20 mm
Model-to-Part accuracy
short range (10 mm) +0.13 mm
Surface finish
(vertical/horizontal) Ra25/Ra3s
. . 457 180um
Typical powder size (3257 80 mesh)
Beam power 50-3500 W
Beam spot size 0.2 mmi 1.0 mm
EB scan speed 8000 m.¢
Layer thickness 0.057 0.2 mm
. 55/80 cni.ht
Build rate (TI6AI4V)
N° of beam spots 17 100
Vacuum base pressure O 1mm
Size and weight 1850x900x2200 mm
(WxDxH) 1420 kg

Regarding the parameters for the processing of a maténgslimportant to
consider the beam parameters during the preheating and melting, the individual
scan lines distance/overlap, layer thickness and process temperature. The melt of
the powder layer and the-neelt of at least one layer of the underlying coitsdéed
material is necessary to ensure a good interlayer connection. The process
temperature is chosen according to the phase transformation in the processed
material. Higher temperatures are usually needed to increase the process stability.
The deflectiorspeedy and beam curremiare the beam parameters, often combined
into one parameter that is the line energy LE according to the following relation:

LE = (*U)/ g
U is the acceleration voltage fixed to 60 KM5].

During the EBM process, it is possible to apply different building path and
scanning strategies according to the part to build. These strategies can be, for
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example, the use of a certain number of contours from the derttez edgeig-

ouf) or in the opposite directiom(t-in) instead of a linear melting path or also the
combination of these two. A process performed with not optimized parameters
often brings to various typical macroscopic and microscopic/microstructural
defects in the final material. Not fullgensified parts with irregular shaped pores,
insufficient interlayer connection, micro and macro cracks and microstructural
inhomogeneity are the most observed defects coming from not optimized building
parameters.

EBM process presents considerable melting pool dimension and this is one of
the main factor affecting the surface finishing of the processed parts. In fact, EBM
brings to parts having a less refined surface than those obtained by laser technique.
In orderto improve the surface quality of the components, a surface finishing
obtained by sand blastirmgd subsequent machiniisgconsidered after the process.

The sand blasting operation is performed using the same powder of the process to
avoid contaminationand removes the partially sintered powder from the surface
of the part.

It is also necessary to specify that the use of supports made of partially sintered
powder during the building is needed to avoid components distortions and to
facilitate the removalfahe parts from the building platform after the process.

EBM, like other metal powder bed AM techniques, involves sdfferent
physical phenomenan Iparticular the absorption of the electron beam from the
powder bed, the melting and solidificatidhe melt pool dynamics, the wetting of
solid powder particles by the melt, the heat conduction within the powder bed by
diffusive and radiative mechanisms, the capillary effect, gravity and dtlggreé
72). The low vscosity of liquid metals combined to the high surface tension drives
the movement of the melt pool. This brings to a consolidated surface with a
stochastic nature and it is evident from its irregular and corrugated appearance. It
might happen that the ntgdool disintegrates into spherical droplets resulting in a
rough and beadhaped surface decreasing the density of the processed parts. This
phenomenon is commonly named as Rayleigh instability. Another phenomenon
that affect the quality of the upper sac€ of the melt pool is known as Marangoni
flow and it arise from the required excess energy. The wetting characteristics of the
melt with the powder particles is strongly influencing the shape of tkelidified
melt pool[146] [147][148].
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Evaporation of elements from the molten metal is another common
phenomenon in EBM and it is coalied by mass transport of atoms from the inner
melt to the surface, liquid to gaseous phase transformation at the surface, mass
transport in the gas phase and condensation. Therdessure environment and
high temperature typical of the EBM process fitatié the evaporation of certain
lightweight and lowmelting metals and alloying elemeiigl5].

BEAM Power distribution
Beam absorption

Melting - soldification .
Beam velocity

Wetting - dewetting
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Figure72 Physical phenomena and aspects in EBAEB].
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Experimental activities

In the next chaptershe different experimental activities are described. Because the
research activities foced on different TiAl alloys for different applications, this
part of the thesis is organized considering each single studied TiAlsalloy
separately, excepfor the powders characterization that can be considered a
transversal activity.

Since the starting material for the EBM process is the alloy povitdes,
fundamental to characterize and optimize the powder in order to guarantee a
successful production of the &h parts. In fact, the aims of the powders
characterization and optimization are i) make the process possible and fast avoiding
problems during the fabrication and avoiding defects in the manufactured parts; ii)
obtain the desired properties in the finahssive parts in terms of chemical
composition, microstructure and, consequently, physical and mechanical
properties.

The experimental activities are relatedfoear different TiAl alloys, hreeof
which for aircraft engine application that are the248 alloy (T+48Al-2Cr-2Nb
(at%)), theHigh Niobium HNDb alloy Ti-48Al-2Cr-8Nb (at.%))and the TNM alloy
(Ti-43.5AF4Nb-1M0-0.1B (at%)) and one of automotive interest that is the so
called RNT65@lloy (Ti-48Al-2Nb-0.7Cr0.3Si (at%)).

Regarding the aircraft engine applicationoeTiAl, big part of the research
activity was done in collaboration with AvioAero, fsmeEuropean and Regional
research projects. In particular, the2 alloy as wdlas new generation alloys
such as High Niobium alloy and TNM alloy produced by Electron Beam Melting
were investigated in the frame of the European projeBREAK [13]

Considering the automotive application, a part of the work was done within the
European project TIALCHARGER14], for the evaluation of thé&asibility by
EBM of turbocharger wheels in a-8bntaing alloy.
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Chapter 2

Experimental techniques

In this chapterthe techniques used for the material characterization and material
treatmentsre described. In this work, the material propestasywasperformed

on both TiAl alloys powders and massive specimens. For the characterization of the
massive specimens, in particular for the morphology characterization and
microstructure analysis bhyeans of optical or electron microscopy, a preliminary
metallurgical preparation was necessary. However, the specimens preparation
techniques such as cutting, mounting, polishing and etching, are not deeply
described in this part.

2.1 Optical microscopy

Optical microscopy analysis was performed on both solid specimens and TiAl

powders. This technique was used to analyze the microstructure of TiAl alloys in

asEBM condition and after the heat treatment but also for porosity analysis

according to ASTM E210pL49]. Specimens for optical microscopy analysis were

prepared by polishingup to 4000 gritormer and et ching in Kroll ¢
to reveal the Ti Al mi crostructur e. The Kr
HNO3, 3 vol. % HF and water. For powders morphological analysis, optical

microscopy was used to observe the presence of any pords the powder

particles.

The optical microscopy used for this work is a Leica DMI5000 M inverted
microscope with an integrated camera and Leica LAS software
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Figure73: Leica DMI5000 M optical microscope.

2.2 Scanning ElectronMicroscopy (SEM)

The Scanning Electron Microscopy (SEM) technique, and in particular the Field
Emission Scanning Electron Microscopy (BEM) technique, was used for the
morphological analysis of the TiAl powders, for the microstructural analysis of
finer TiAl alloys microstructures (in particular for the TNM alloy) and, thanks to
the Energy Dispersion Spectroscopy (EDS) technique, for a-cpgamititative
elemental analysis of the used powders and specimens.

The electron microscopy uses accelerated elestamnenergy source. The
electrons accelerated toward the samples produce an interaction with the material
bringing to the emission of both other electrons arikays. The emitted electrons
can be elastically or inelastically backscatteregsmatted withhigh-energy loss or
very low energy (secondary electrons). In SEM the electrons used for the materials
analysis are the elastically backscattered electrons (BSE) and the secondary
electrons (SE). Different detectors are used according to the type of demitte
electrons to reveal.

SE electrons can give morphological information with very high resolution.
BSE electrons emerge from deeper locations within the specimen and consequently
the resolution of BSE images is generally poorer than SE images. However, BSE
images can provide information about the distribution of different elements in the
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sample because the intensity of the BSE signal is related to the atomic number of
the atoms present in the specimen.

In Figure 74 a schematic structure of a SEM microscope is rep§ite@].
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Figure74: Structure of a scanning electron microscope (SEMS0Q].

In Figure 75 and Figure 76 the mechanisms for SE and BSE imaging are
shown[151].
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Figure75: Image formation mechanism for SE revelatib81].
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Figure76: Image formation mechanism in the case of BSE revelfitiot.

Figure 77 illustrates the interaction zone where electrons scatter under the
specimen surface. The size of this zone increase with the incident electrons energy.
Characteristic XRays are also generdteén the interaction zone, and these are
useful for chemical analysis as described in the followingsaaition
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Figure77: Specimerelectrons interaction zone below a specimen suffees.

The energy level of inelastically scattd SE is in the order of several electron
volts. In the interaction zone, SE can escape only from a deptb@h& near the
specimen surface. By the other hand, elastically scattered BSE have an energy level
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close to that of incident electrons. For theason, they can escape from a much
deeper level in the interaction zone, from depths of abeG0B0m.

During this thesis, a Field Emission Scanning Electron Microscop<& )
was used. This particular technique provides a higher spatial resolltiwon {o 1,
% nanometers) compared to conventional SEM. Other advantages are the
possibility to examine with EDS smallarea spots, lower electrical charging of
samples. In FESEM a fieldemission cathode in the electron gun provides narrower
probing beamsat low and high electron energy, resulting in improved spatial
resolution and minimized sample chargihgthis work a Zeiss MERLIN FESEM
field emission scanning electron microscope and a SEM Phenom XL were used.

2.2.1 Energy Dispersion Spectroscop§eDS)

Energy dispersion spectroscopy is an analytical technique that can be integrated in
a SEM apparatus in order to perform the elemental analysis of a sample. The EDS
microanalyzer uses the primary electron beam of the SEM (or Transmission
Electron Micoscope TEM) to excite the emission of characteristRay from the

atoms of the sample. The incident higihergy electron beam excite an electron in

an inner shell of a sample atom. This causes the ejection of the electron from the
shell and creates areetron vacancy. The vacancy is then filled by an electron from
an outer, higkenergy shell and the energy difference between these two shell levels
is released in form of an-Ray. An energydispersive spectrometer can measures
the number and energy of teeitted XRays. The elemental composition of the
sample can be measured because the energy offtee/Xis characteristic of the
atomic structure of the element from which they are emitted. In fact, each element
has a unique atomic structure allowing @ique set of peaks on its emission
spectrum.
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Electron delodged
from K-shell

Figure78: Excitation and emission in an atom.

With EDS, it is possible to examine chemical composition in a microscopic
area thanks to the focused electron beam. Moreover, it ipassible to perform
elemental composition maps on acquired image of the sample surface thanks to the
combination of XRay spectroscopy and compugessisted imaging.

The EDS spectrum is displayed with theR&y energy represented on the x
axis (usually inl0 or 20 eV wide channels) and the number of counts per channels
on the yaxis. The XRay line is consisting of morenergetic photons but it is
broadened by the response of the system, producing a Gaussian profile. The energy
resolution of is defined aké full width of the peak at half maximum height and in
EDS it is good enough to separate the K lines of neighboring elements.

Accuracy of EDS can be affected by the nature of the sample and by elements
with overlapping peaks. For example, inhomogeneoogpks and samples with
irregular surfaces can results in a reduced accuracy and in particulamdogy
X-Rays, such as theladiation emitted by carbon, nitrogen and oxygen atoms are
affected by the sample geometry. Moreover, the-dovwrgy XRay prodiced by
these atoms generate a low count rates, making it difficult to detect them at low
concentration§l50].

In this work a Zeiss MERLIN FESEM field emission scanning electron
microscope and a SEM Phenom XL were used.
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2.3 X-Ray Diffraction (XRD)

X-Ray diffraction techniquis used for the characterization of crystalline materials.

The XRD techniques is based on the interference between an inciday X
beam with the atomic planes of a crystal.

The XRD instrument is called-Ray diffractometer. In this instrument, a single
wavelength XRay beam is used to examine polycrystalline specimens. By
continuously changing the-Ray beam incident angle, a spectrum of diffraction
intensity versus the angle between incident and diffracted beam is acquired. This
technique allows identifgig the crystal structure by the analysis and comparison of
the spectrum with a database containing several diffraction spectra of crystalline
materials. InFigure 79 a schematic of an XRD apparatus is represented.
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where n is an entire number, generallyls the incident XRay wavelength
(depending on the chosenRay radiation source, usually coppddbecause of its
short wavelength)d is the incident angle and d is the distance between crystal
planes reflecting the radiation.

The X-Ray Diffraction mechanisms is representeéigure 80[152)].

Di ffraction occurs only when Braggos
interference of the interaction between the incident X photons and the atoms.

X-Rays are used as radiation to produce the diffraction pattern because they
have a wavelength typically in the same order of magnitude of the gpatin
between the crystal planes.

. - » e - - - ., ”
. - " . . - .
L}
- - e . e - -

Figure80: Bragg's law schematic explanation. Mechanism of formation of diffracted
wavelength152].

For a massive materialhé measurement is influenced by its oriented
crystallographic structure. In the case of a powder, if it is sufficiently fine, all
possible diffracting planes can diffracting at the same time and all possible
reflection are produced 50].

During this thesis, XRD was used on bpibwders and massive materials in
order to investigate the phase composition of the different alloys and to analyze the
phase evolution during the heat treatments.
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The XRD instrument used in this work wasi-@dt ype Panal yti cal X €
PRO PW3040/60 diffractometer in a Bragg Brentano configuration operated at 40
kV and 40 mA.

2.4 Thermomechanical Analysis (TMA)

The principle of TMA is based on dilatation of the material induced by controlled
temperature variatian The specimen is subjected to a controlled temperature ramp
and its length variation is measured by an alumina probe placed in contact with the
sample. TMA can be used to measure the linear thermal expansion coefficient of a
material () in a certain temerature range and to investigate the phase
transformations. Since all phase transformations cause a change in volume of the
sample, it is possible to determine each phase transformation temperature by
observing the peaks of displacement derivative cuevsus temperature.

The used TMA apparatus is provided by a vertical graphite furnace with a
cylindrical alumina tube inside. The thermocouples are placed inside this tube in a
position close to the specimen. The cylindrical alumina tube can be mechanically
extracted from the furnace in order to place the sample on the sample holder plate
at its bottom. The probe is a mobile cylindrical tube made of a heat resistant material
(alumina, silica or graphite) placed inside the cylindrical tube.

The measurementsaig be performed in a protective atmosphere using different
type of inert gases and a water cooling system is integrated in the machine.

The machine is computer controlled by a software that allows editing the
measurement programs by setting up the degiagdmeters such as heating rate,
cooling rate, isothermal zones and the gases flows. Another software is used to
acquire, elaborate and export the acquired data.

In TMA, the probe has a serspherical tip that is placed in contact with the
upper face of tb specimen. The specimens are usually small cylinders or
parallelepiped having the upper and lower faces parallels in order to reduce
measurement errors during the test. The sensor is a LVDT transducer (Linear
Variable, Differential Transformer). The vexdl hollow alumina tube allows to
maintaining the transducer in suspension by means of an electromagnetic
equipment and by applying to the specimen a force of about 5 g it is possible to
guarantee the specim@nobe contact without obstructing the displaeat[153].

The instrumeh used in this work and a schematic of the TMA system are
represented ifigure 81
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Figure81 a) Setaram Setsys Evolution TMA instrument; b) schematic of a TMA.

During the measurement, the phase variations can be detected as slope
variations in he displacement curve versus temperature. The displacement
derivative can be calculated by the software at the end of the test. The peaks
corresponding at the different phase variations can be observed in the displacement
derivative curve and the phasensdion temperatures can thus be detedteglre
82 shows an example of displacement curve and displacement derivative curve
versus temperatufé@54].



Experimental techniques 107

250 100

200 - / 80

-
n
=
I
-
=

[=1]
1=

wn
(=]

Dispalcement [pm]
>
(=]

i
(=]

(]
(=]

50

Displacementderivative (10*-6/K)

ha
(=

i i : + + + 10
0 200 400 €600 800 1000 1200 1400

Temperature [°C]

Figure82 TMA measurement of a TiAl alloy: displacement vs. temperature (continuous
line) and displacement derivative vamigerature (dotted lingL54].

The TMA instrument used in this thesis is a Setaram Setsys Evolution having
a max temperature of 1620°C, a resolution of 0.2 nm, a measuring range of £ 2 mm.
The measurements were performed under an Ar flow in order to prevent oxidation.
The standard testethod for the linear thermal expansion coefficient measurement
of solid materials by thermos mechanical analysis is provided by the ASTM E831
[155].

2.5 Sieving analysis

The powder size distribution was obtained by the sieving method according to
ASTM B214-07 standard156].

With this method, 100 + 10 g of powder is weighed and sieved for 15 minutes.
The power is divided into different fractions according to the different diameter of
180 pm, 150 pm, 106 um, 75 pm, 63 um, A, 45 um thanks to the different
mesh dimensions of the sequence of sieves. The different powder fractions
remaining on the different sieves are weighed and the cumulative distribution can
be those determined.
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2.6 Flowability

The flowability of the powde was measured according to ASTM BZ1B
standard157]. The measurements were performed using a HaNrReter and the
time that 50 g of powder takes for flowing out from the funnel was measured.
Flowability, along with other powder characteristics such as size distribution, gives
important information about the processability of a powder by EBM. In péatic

a powder with a not optimized flowability does not allows a proper layer
distribution and raking during the EBM process. Since the flowability is strictly
correlated to the powder morphology and particle size distribution, it can be
improved by theuning of these two powder characteristics.

2.7 Powder apparent density

The apparent density of the powders was measured according to ASTMLB212
standard158]. With this method, a Hall Flowmeter cup of 25%im filled and
weighted.

2.8 Elemental chemical analysis

The chemical analysis on massive specimens and powders were peligriGed

OES (Inductively Coupled Plasma), by inert gas fusion infrared detection technique
(IGF) and combustion infrared detection technique. The ICP was used to detect
mostly of the elements contained in the alloys, the IGF detection technique has
allowedthe detection of the low level of oxygen and nitrogen and the combustion
infrared detection technique was used to detect carbon. These analysis were
performed by external laboratories according to ASTM E2371-QER), ASTM

E1941 (combustion infrared) adbTM E1409 (IGF) standard$59] [160] [161].

2.9 Heat treatment furnace

A GERO high temperature LHTW typaboratory furnace was used to perform the
heat treatments on the different alloys. The furnace consists of a stainless steel
double wall and watetooled heating chamber. The heating element is a tungsten
resistance placed inside the heating chamber. infidation is provided by a
molybdenum layer and a stainless steel layer. The specimens are placed inside the
chamber on a proper plate covered by a tantalum foil in order to avoid specimen
contaminations during the heat treatment. The temperature iléehtby a
thermocouple placed inside the chamber in a central point over the specimen plate.

With this furnace, it is possible to perform heat treatments in inert gas flow
(argon) or under high vacuum (4@nbar) to avoid oxidatiorFigure 83 shows the
GERO furnace and an example of specimens placed inside the furnace chamber.
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Figure83: a) GERO furnace exterior; b) furnace chamber.

2.10 Mechanical tests

The following mechanical tests were performed by an external certified laboratory:
- Tensile Testperformed according to ASTM E8 (Room Temperat{i62]
and ASTM E21 (High Temperaturf)63] using an MTS servbydraulic
test machie.
- Creep Testsperformed at different temperature and stress conditions
according to ASTM E139 standditb4] using an ATS test system

2.11Dynamic Elastic modulus determination

The Youngds modul us was mea[d6Gbfusimjaraccor di n
impulse excitation technique that involves the analysis of the transient natural
vibration of the material (IMCE).
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Chapter 3

Powders characterization

The powders used for the EBM process of Titanium aluminides are gas atomized,
rapidly solidifieda-TiAl -based pralloyed powders.

The EBM process and the final products are strictly related to the powders
characteristics and fdhis reasonit is necessary to spend some words about the
gas atomization process for the production of TiAl powders. In gas atomization, an
inert gas is used to break up a melt stream into metallic powder particles. The
different types of atomizatiorethniques used are plasma irgat atomization
(PIGA), electrode induction melting gas atomization (EIGA), rotaélegtrode
process (REP), plasma rotatiatpctrode process (PREP), and rotatingr
atomization. The titanium gaomizer process (TGAJs a variation of the PIGA
technique involving induction skull melting under vacuum or an inert gas prior to
melt atomizatiorj75]. The vacuum inert gas atomization (VIGA) system comprise
a Vacuum Induction Melting (VIMjurnace for the melting, refining and degassing
of the alloy.

In gas atomization techniquabe molten metal pass through a nozzle where
the melt is disintegratealy a jet of highvelocity inert gas. During atomization, the
decrease of the surface tension of the liquid metal and the increase of the
atomization gas velocity lead to a decrease of the particle size. Subsequently, the
atomized melt droplets fall awayn@ thanks to the surfag¢ension forces the
spheroidization of initially irregular shaped droplets appends. The powder
characteristics are determined by the melt superheat, the cooling medium and the
droplet size. A problem concerning the shape irregylafipowder particles is due
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to the fact that the droplet spheroidization takes more time than the solidification.
Using optimized technologies such higressure gas atomization (HPGA)
vacuum inert gas atomization (VIGA) is possible to obtain a Ige fraction of fine

and spherical powder particlEs66][167]. A schematic representation of the gas
atomization process is reportedrigure 84[168]. The TiAl powders for the EBM
process used by Avio Aero are produced by the VIGA atomization method.

Gas source
and pump

Fine powder
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Figure84 Schematic represtation of gas atomizatigi68].

The atomizegpowder characteristics that mainly affect the EBM process are
the powder morphology, the flowability, the apparent density and the particle size
distribution of the powder. Furthermore, is essential to know chenoogbosition
of the powder in order to obtain the desired chemical composition of the final part
processed by EBM. The chemical composition characterization and optimization is
fundamental also to obtain the desired microstructure and consequently the best
mechanical properties of the part.

3.1 Powders morphological characterization

The morphology of the powders of the different TiAl alloys considered in this
research were analyzed in terms of particle shape and internal porosity in order to
find any defect and irregularity. It is important to investigate such powder features
because they can affect other powder characteristics and the EBM process with
dramatic consequences on the final product. In fact, all the powder characteristics
are in a certain manneorrelated to each other, for example, the flowability of the
powder depends on the powder morphology and the particle size distribution.
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The technique used to analyze the powder morphology were the scanning
electron microscopy (SEM) and the optical msxzopy. The SEM analysis is useful
to understand the morphology, shape and surface aspect of the péugiees85
shows the SEM image of a TiAl alloy powd&27].

Figure85 TiAl alloy powder morphology

As it is possible to observe, the powdbows a spherical shape and variable
particles size. These features are typical ofajamized powders; however, some
differenttypesof defects can be detected and analyzed at higher magnifications, as
shown inFigure 86.

Figure86 SEM micrographs of TiAl alloy powder indicating typical powder defects

Some elongated particles are observed (red arréigure 86a). The presence
of satellites (green arrows kigure 86 a) and agglomerated particles (blue arrow
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in Figure 86 a andFigure 86 b) can also be observed. These defects are due to the
impact of powder particles during the atomization process. The low amount of these
defects did not affect theB®M process.

A little amount of powder is mounted and polished prior to be observed at
different magnifications with an optical microscope in order to detect the possible
presence of pores inside the powder partidregigure 87 anexample of optical
micrograph of a TiAl alloy powder is reported. It is possible to observe that the
amount and dimensions of the interpates are very small (red circle).

This type of small and spherical internal porosity is typical of additive
manufacturing techniques that use gas atomized powders. In fact, during the gas
atomization process, a small amount of gaseous Ar can remain trapped into the
solidified powder particles and the final EBM processed part it is possible to find
some spherical pores whit dimension that are comparable to those of the pores
observed inside the powder partic|é8§].

&

Figure87 Optical microscopy image of TiAl alloy powder
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3.2 Particle size distribution

The particle size distribution is a powder characteristic that has to be optimized
order to ensure a high packing density and a good flowability.

The patrticle size distribution was measured by sieving method according to the
ASTM B21407. In Figure 88 is reported the particle size distribution of the
different TiAl alloys powers.

—+-48-2-2 -#-RNT650 Batch 1 TNM -~HNb
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Figure88: Particle size distribution of the different TiAl alloys powders

The nominal particle size distribution of the powders is between 45 and 150
pum (-100/+325 mesh). The 482, TNM andhigh-niobiumalloys powders exhibit
a particle size distribution very similar between them. The RNT650 alloy powder
presents a higher pertgeof smaller particles that brings to a lower flowability. In
fact, as it will be described in the following part, using an optimized RNT650

powder (batch 2) with a fraction of larger particles added, the flowability has been
improvedFigure 89.
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Figure89: Particle size distribution of RNT650 batch 1 and batch 2.

As it was demonstrated by this studbigctron Beam Melting of TiAl RNT650
alloy for automotive application), these patrticle size distributions led to the
successful production of massive materials by EBM

3.3 Howability

The flowability of the powder is critical to insure a good layer deposition by the
raking system of the EBM machine. In the worst cases, the powder can remain stuck
on the rake with consequence on the uniformity of the powder layersumifomm

powder | ayers can |l ead to the fAismokeo
EBM process.

The flowability of different TiAl alloys powders were measured according to
ASTM B21313 using the Hall flowmetdd.57]. The obtained results are reported
in Table 15.

The flowability is a powder characteristic that deeply depends on the shape
regularity of the powder particles and on the particle size distribution. In fact, the
presence of smaller particles can increase the friction of powders.

phen
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Tablel5: Flowability of the different TiAl alloys powders

Powder Flowability (s)
48-2-2 28+1
HNb 27+1
RNT650 batch 1 31+1
RNT650 batch 2 24+ 1
TNM 271

In some cases, it was necessary to tap on the flowmeter because theddwder
not start to flow spontaneously. Figure 90 an example of powder that remains
partially adherent to the flowmeter waiksshown.

Figure90: Powder stuck on the flowmeter walls

Regarding the RNT650 powders, the first batch has shown a lower flowability in
comparison to the other alloys powders. This can be correlated to the different
particle size distribution witta larger amount of finer particles. The optimized
powder batch 2 exhibits a better flowability comparable to that of the other alloy
powders.
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3.4 Powder density

The apparent density of the powders were measured according to ASTM8212
[158]. Table 16 shows the obtained values.

Table16: Apparent density of the different TiAl alloys powders.

Powder Apparent density (g/cn¥)
48-2-2 2.22 N 0.0
HNb 2.31 N 0.2
RNT650 batch 1 2.20 N O0.0
RNT650 batch 2 2. 2@. N1
TNM 2.29 N 0.0

The apparent density of the different powders was similar and this is correlated
to the similar powder size distribution of the different TiAl powders.

A high powder density means a high density of the processed part and a good
packing of the powder layer during the EBM process. A regular spherical shape of
the powders and a proper particle size distribution lead to a good packing of the
powder particlesand high powder density. In fact spherical particles of bigger
dimensions are packed with particles of smaller dimension filling the interstitial
voids between them during the powders layers distribution in the powder bed
additive manufacturing procesqa$9].
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3.5 Chemical composition

The chemical composition was assedsganeans of inductively coupled plasma
(ICP-OES), inert gas fusion infrared detection technique (IGF) and combustion
infrared detection technique.

Aluminum, niobium, molybdenum, silicon and chromium contents were
measured using Inductively Coupled Plasbmical Emission Spectroscopy (IEP
OES) technique according to ASTM E23[259]. Carbon content was evaluated
by Combustion Infrared Detection Technique according to ASTM E1941, while for
nitrogen and oxygen, the Inert Gas Fusion (IGF) method was usediagcASTM
E1409[161].

The chemical composition analysis on the powdeifsmdamental in order to
verify the correct nominal elemental composition on the starting material and for
guarantee that the concentration of certain contaminants elements and impurities
are below the specification limits for the powders.

The nominal composition for a certain alloy powder is defined considering an
admitted concentration range (in at.%) for aluminum and for the different alloying
elements. The nominal composition of the powder is established and optimized
keeping into account of the chemliccomposition variations that often append
during the EBM process. Due to the high temperature and the vacuum environment
of the process, an evaporation of lightweight andhogting elements is observed
during the EBM. In particular, aluminum is subgtto evaporation during the
EBM process and its content in the powder has to be optirfiz¢d

The hot vacuum environment of the EBM presents also several advantages, one
of which is the degassing of impurities during the process that allows to reduce or
maintain constant the presence of such impurities like oxygen that are source of
defects for TiAl alloys.In section4.1 Chemical analyside comparison between
the chemical composition of the powders and processed alloys is described
[75][170].

In Table 17 the composition of the powders chemical composition is reported.
Inductively Coupld Plasma analysis (IGBES) wasused for aluminum,
chromium, niobium, molybdenum silicomert gas fusionnfrared or thermal
conductivity detection techniqweas usedor oxygen, nitrogen and carbon
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Tablel7: Elemental chemical composition of the powders.

Chemical composition in wt.% and at.%

wi.%o 34.10 237 4.78 0.0234 0.004 0.006
48-2-2

at.%o 48.83 1,76 1,99

wi.%o 313 220 172 0.04
HNb

at.% 4700 1.75 7.66

wi. % 345 1.04 483 0.25 0.03 0.003 0.005

RNT650

at.%o 4018 0.77 2 0.34

wi.%o 30.3 8.81 249 0.101 0.003 0.005
TNM

at.%o 45,58 3.85 1,05

a

2

£l

Bal
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It is worth notingthat the impurities pickip during the gas atomization process was
very limited: the oxygen concentration in the powders is below the 0% amd it
is acceptable for the starting material powders.
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Chapter 4

Powder recychbility investigation
on Ti-48Al-2Cr-2Nb alloy

The possibility to reuse the unmelted powder instead of new powder is one of the
main factor that makes the EBM extremely convenient in terms of material saving.

The study about the powder recyclability wdsne in collaboration with
AvioAero within the EU project BREAK.

The EBM process begins with the preheating of the layer of powder using a
moderately low beam current and a relatively high scan speed. The preheating step
lightly sinters the metal powdé&o hold it in place during subsequent melting at
higher beam powers. It also helps to reduce the thermal gradient between the melted
layer and the rest of the part.

Afterward, the electron beam scans the powder surface according to the layered
CAD data andnelts the powder particles to a compact layer with the desired shape.
Once the first layer has been melted, the build platform is lowered by one layer
thickness, additional powder is spread over the below solidified layer and the
process will be repeatedfter the manufacturing stage, the part is cooled down
either under vacuum or helium flow.

After the process, the partialgmtered particles are then removed from the part
surface with a sand blasting operation. The finishing is achieved in the Powder
Recovery System (PRS) using the same powder involved in the EBM process, in
order to prevent contamination. The powder that is recovered from the PRS can be
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sieved and mixed with new powder, in order to obtain recycled powder to be used
in the following EBMcycle.

In order to evaluate the powder aging and recyclability after several EBM
process, the following sampling procedure was developed:

1 six subsequent jobs with five specimens per job;
2 for the first job only new powder was used;
3 from the second to éhsixth builds, recycled powder was used.

The recycled powder was obtained mixing unused powder left in the hoppers
by the previous cycle, sintered powder recovered around specimens produced
during the previous cycle and new powder to reach the total @ansdyowder
needed.

At the end of the six building cycles, eight powder samples were analyzed
Table 18. The sampling method is reportedRigure 91.

Table18: Powcer samples for analysis.

Sampling moment Sample
Before F'build (used to build A samples) New powder
After 1% build Sintered powder

After 15t build (used to build B samples) Powder Recycled 1

After 2" build (used to build C samples) Powder Recycled

After 39 build (used to build D samples) Powder Recycled 3

After 4" build (used to build E samples) Powder Recycled 4

After 5" build (used to build F samples) Powder Recycled 5

After 6" build Powder Recycled 6
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21,8 kg of sintered powder recovered
around parts.

1,2 kg specimens

Figure91: Powder sampling scheme.
4.1 Chemical analysis

In order to evaluate any variations of chemical composition during the different
EBM cycles, in the powders and in the massive specimens produced with recycled
powder, elemental chemical analysis was peréa on different solid and powder
samples. In particular, thiype of analysis is useful to highlight any picip of
contaminants, such as oxygen and carbon, during the powder handling and
recycling cycles.

Aluminum, niobium and chromium contents were measured using Inductively
Coupled Plasma Optical Emission Spectroscopy{QES) technique according to
ASTM 2371. Carbon content was evaluated by Combustion Infrared Detection
Technique according to ASTM E194nile for nitrogen and oxygen, the Inert Gas
Fusion (IGF) method was used according ASTM E1409. The analysis results for
both powders and massive specimens are reporfeabie 19. For Al, Cr and Nb
the variation % respect to the new powder is reported insteaueofhtemical
composition in wt.% becausleese data are confidential and Avio Aero property.

The chemical analysis was performed on new powdeorder to obtain a
chemical composition baseline, on the powder recovered around the specimens
after the first job (sintered powder), on the powder recycled 1 obtained mixing
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sintered powder with new powder and on powder progressively reigléches
in order to evaluate the chemical composition variations into the powder after
several recycling cycles.

Tablel19: Chemical analysis results for powder sampéesed fodifferent subsequent
EBM builds.

Al Cr Nb O N C Ti
Sample Composition variation
% respect to the new| Chemical composition in wt.%
powder
1 New powder - - - 0.082 | 0.003 | 0.007
2 Sintered | 159 | 117 | -0.82 | 0077 | 0.002 | 0007
powder
Powder
3 088 | -1.17 | -0.62 | 0.073 | 0.001 0.006
Recycled 1
Powder Bal.
4 059 | 039 | 041 | 0.083 | 0.002 | 0.006
Recycled 3
5 Powder 089 | 117 | -021 | 0.100 | 0.005 | 0.005
Recycled 5
Powder
6 0.59 0.39 0.83 0.090 | 0.003 | 0.008
Recycled 6
o 088 | 312 | 312
i?ggﬁgttlﬁz % | % | % | 001 | 0001 | 0001
. . .
test method | 03 | 008 | 01 | WLY% | Wt | wt%
wt.% | wt.% | wt.%
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Figure 92 shows the aluminumvariation %for new, sintered and recycled
powders.

2
A‘ + Al - powder = —Powder uncertainties

iy after 3 cycles after 6 cycles

after 5 cycles
U U gy P e X Ny e - - -

05

New Sintered

Al variation (% )
o
L 2

05 after 1 cycle

-1,5

Samples

Figure92: Aluminumvariation %of powder samples; for each point the uncertainties
related o the test method are reported.

It is important to point out that the hot vacuum environment may induce the
evaporation of lowmelting lightweight elements such aluminum.

This evaporation is governed by four distinct regifdg3[67]:

- Mass transport of atoms from the inméthe melt to its surface;
- Phase change to gaseous state at the surface;

- Mass transport in the gas phase above the melt;

- Condensation.

As it is possible to notice from the chemical analysis results above, the
aluminum content of powder specimens is betwthe test method uncertainties
lines referred to the new powder. This means that aluminum evaporation is not
observed in the sintered and recycled powder.

It is also important to notice that the pigg of contaminants such as oxygen,
nitrogen and carboty the sintered and recycled powders during the powder
handling and EBM process is very limited thanks to the high vacuum environment
of EBM.
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However, during the recycling process of the metal powder, a slight impurities
contamination can be observed. Tixggen contamination was very low and, from
the chemical analysis, the maximum pigk observed resulted to be aboud®.
wt.% + 0.001 fromthe new powder and aftérreuse(after 5 cyclesfFigure 93).
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Figure93: Oxygen content measured on powder samples; for each tha@nincertainties
related to the test method are reported.

The nitrogen conterdeems to fdébw the same trend as the oxygen content.
However, the nitrogen piekp for eacltycle is lower than oxygen. The maximum
contaminationin the powdersvas about @02 wt.% + 0.001 during each EBM
cycle (Figure 94)
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Figure94: Nitrogencontent measured on powder samples; for each point the
uncertainties related to the test method are reported

The variation in carbon conterst ieported irFigure 95 and also in this case
the contamination is very limited.
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Figure95: Carboncontent measured on powder samples; for eaatit, the uncertainties
related to the & method are reported



130 Powder recyclability investigation on-#8AI-2Cr-2Nb alloy

The amount of the other alloying elements remains constant during the
recycling cycleskigure 96 andFigure 97).
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Figure96: Niobiumvariation % measureah powder samples; for each poitie
uncertainties related to the test method are reported

¢ Cr-powder = —Powder uncertainties

5 .

4

R Y Y YRy

after 1 cycle after 5 cycles
R 2 -
§
-] Sintered
& 1
=
S ., . .
E New
2
E .
] 1 * *
fter 6 cycl
6 2 arter b cycles
| after 3 cycles

I e s Ss====s=======================

-4

-5

0 1 2 3 4 5 6 7 8 9 10
Samples

Figure97: Chromiumvariation %measured on powder samples; for each pthet
uncertainties related to the test method are reported
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In Table 20 the chemical composition comparison between a specimen
produced by EBM using new powder (specimen A) and a specimen produced using
powderrecycled six times (specimen F) is reported.

Table20: Elemental chemical composition comparison between a specimen produced
with new powder and a specimen produced with powder recycled six times.

Al Cr Nb @) N C Ti
Chemical composition in wt.%

1 | Specimen A | 329 | 252 | 483 | 0.083 | 0.006 | 0.014

Sample

Bal.
2 Specimen F | 332 | 253 | 480 | 0.091 | 0.005 | 0.013

Uncertainties
related to the| 0.3 008 | 01 001 | 0001 | 0.001
test method

It is interesting to observe that the chemicamposition of the specimen
produced with a powder after six recycles is comparable with that of the specimen
produced with new powder both in terms of aluminum and impurities amount. It is
possible to asses that the production of parts using TiAl poweleysled several
times does not brings to a significant pighk of contaminants because of the
cleanliness of the process environment. Moreover, the aluminum content in
specimen F remains acceptable because the EBM process does not produces an
aluminum evporation in the powders, in fact, the aluminum amounts of the new
powder and the recycled powder used to produce these two specimen are
comparabléTable 19). Furthermore, a limited aluminum lg$som the powder to
the specimertakes place during the EBM process. This has to be take into account
in order to choose powders enriched in aluminum in order to obtain specimens with
an aluminum content théilfill the desired nominal composition.
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4.2 Particle size distribution

The particle size distributions of new powder, sintered powder and powder recycled
after six EBM cycles were measured according to the ASTM B214.

In Figure 98 the cumulative size distribution comparison between the new
powder, the powder removed by the machine chamber after the first EBM cycle
(sintered powder) and the powder obtained mixing sdtggowder with new
powder (1) is reported. Sintered powder slightly lose some finer particles. However,
when new powder and sintered powder are mixed and recycled after different EBM
cycles, it is possible to obtain an intermediate powder.
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Figure98: Cumulative particle size distribution

It is possible to observe a slightly decrease in finer particles amount for the
sintered powder. The analysis on the recycled powders shows a particle size
distribution that is between theew powder and the sintered one (see detail in
Figure 98).

In Figure 991t is possible to observe that also the particle size distribution of
the powders recycled different times is between the new and sintered powders.
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Figure99: cumuhtive particle size distribution.

The histogram inFigure 100 shows the percentage of different powders
passing through the different sieves wdttreasing mesh. Also from this image, it
is evident that there is only a slight variation in particle size distribution between
the new, sintered and recycled powders.
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Figure10Q particle size distribution measured on diffeneotvder samples
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4.3 Flowability

The flowability of new powder, sintered powder and recycled powders after each
of the six EBM cycles was measured according to ASTM B213. The sintered
powder and all the recycled powders have a flowability comparable toetle
powder. Moreover, the measured values are always in the average of new powder
* the measurement uncertainty. It is therefore possible to assess that the loss of a
small amount of finer particles in sintered powder can be consideradibleg|

Table21: flowability measured on different powder samples.

flowability
Sample
[sec]
New powder 28
Sintered powder 29
Powder Recycled 1 28
Powder Recycled 2 27
Powder Recycled 3 28
Powder Recycled 4 29
Powder Recycled 5 29
Powder Recycled 6 28
Uncertaintyrelated to the test method +1
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4.4 Apparent density

The apparent density of new powder, sintered powder and recycled powders after
each of the six EBM cycles was measuaedording to ASTM B212. Similarly to
what found for the flowability, apparent density seems not be affected by the loss
of small amount of finer particles; all the values stay in the range of standard
deviation.

Table22: Apparentdensity measured on different powder samples.

apparent density
Sample
[g/cm?]
New powder 223
Sintered powder 2.24
Powder Recycled 1 2.25
Powder Recycled 2 221
Powder Recycled 3 2.23
Powder Recycled 4 2.25
Powder Recycled 5 2.24
Powder Recycle6 224
Uncertaintyrelated to the test methd +0.02
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4.5 Conclusion on powder recyclability study

In conclusion, analysis performed on powsierdifferent recycling condition and
used for several EBM cycles confirm that, for what concerns partigcke s
distribution, flowability and apparent density, the adopted recycling praoess

not change the powder properties. Regarding the chemistry, it is evident that the
recycling process generate a slight oxygen-pigkThe oxygen contamination was
very low and, from the chemical analysis, the maximum-pigkbserved resulted

to be about 0.02 wt.% +@)1.The progressive increase of oxygen is very limited,
but it has to be kept under control, especially at the time of supply of the metal
powders for theEBM process, so that the final manufactured part meets the
specifications requirements.

Another interesting point highlighted by the chemical analysis on specimens is that
the vacuum environment of the EBM process may induce the evaporation of
lightweight elements, such as aluminum. However, the aluminum loss is very
limited during the EBM process. The evaporation effect is also evident in a minor
amount for the other alloying elements, but for them can be negligible. Moreover,
this evaporation is only obsed in the manufactured parts but not in the sintered
powder, which can then be recycled and reused for several subsequent EBM builds.
This work has demonstrated that it is possible to reuse the EBM powder, by mixing
it with new one, up to 6 EBM manufaciing cycles. Moreover, it is possible to
asses that the powder reuse could be done for more than 6 cycles because, from the
obtained results, the powder characteristics seem to reach a stability after a certain
number of reuses.
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Chapter 5

Effect of the EBM process
parameters on the material

This part of the work, done in collaboration with AvioAero within the European
Project EBREAK, had the purpose to investigate the effect of the different EBM
process parameters on the titanium aluminide material produced with this additive
manufacturingechnique. In particular, the aim of the study was to understand how
the microstructure, chemical composition and material quality in terms of residual
porosity of the material are affected by the variation and the combination of certain
process parameters.

Sixteen specimens having form of parallelepipeds with a square base of 10x10
mm and 100 mm length were produced by AvioAefggyre 101).
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Figure10ZL the 16 TiAl specimens produced by EBM.

The specimenbaveshown a rough external surface that is typical of the EBM
process. For some specimens this surface roughness is more pronounced and with
the presence of some evideetfects due to a lack of fusion

All these specimens were produced by EBM in one building job starting from
a 48Al2Cr-2Nb titanium aluminide alloy powdeFigure 102 a). The building
direction of the specimens (Z direction) were the longer side (100 Rigux¢ 102
b).
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Electron
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X b)

Figure102 Representation of the EBM building job (a); specimens building scheme (b)

During the job, the specimens were produced using a different combination of
process parameters for each single specimen. In particular, the 16 cdaonbinat
were obtained varying between two values the speed function, the line offset, the
beam current and the focus offset following a DOE (Design Of Experiment). The
others building parameters were kept fixed on optimized values.

Table 23 shows the combination of the EBM building parameters associated to
each specimen. The numerical values of the used parameters are confidential only
and therefore repted with letters for which is indicated which is the larger and
which is the smaller.
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A<B

C<D

E<F

Table23: building parameters.

Specimen Speed Line Max Beam Focus

Function offset Current offset
1 A C E -
2 A C E +
3 A C F -
4 A C F +
5 A D E -
6 A D E +
7 A D F -
8 A D F +
9 B C E -
10 B C E +
11 B C F -
12 B C F +
13 B D E -
14 B D E +
15 B D F -
16 B D F +

The speed function controls the translational speed of the electron beam during
the part fabricatiofil48].

Line offset refers to the distance between tvatch lines.

Max beam current is the maximum current of the electron beam and it is
expressed in mA.
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Focus offset is the additional current running through the respective
electromagnetic coil and it is reflectedo an offset of the focal plane from its zero
position and thus a change in beam area. A larger beam diameter during the EBM
process leads to an increased beam spot but a lower energy concefittjon
[172].

The specimens produced varying the parameters were then characterized in
terms of residual porosity, chemical composition and microstruciirBay
diffraction analysis was performed to investigate the difference in phase ratio
between the samples. The specimens were then subjected to a heat treatment at
1260°C for 4 hours in order to examine the evolution of the microstructure. The
final aimof this study is to allow the production of a component varying the process
parameters in the different zones of the component that are subjected to different
mechanical stresses, and then apply a unique heat treatment to obtain the proper
microstructuredr each different zone.
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5.1 Porosity analysis

Residual porosity analysis was performed on the as EBM samples and on the heat
treated samples according to ASTM E 24119

The aim of this analysis is to determine the degree of porosity of each sample
and hen correlate it to the building parameters used for its production; the goal is
to detect the combination of parameters that gives the lowest residual porosity. The
limit for the residual porosity is a material with less than 1% of porosity and pores
dimension lower than 100 pm.

The degree of porosity calculated for each sample is reporieabie 24.

Table24: Porosity % and standard deviations of the analyzed specimens.

Sample Porosity % Star.ldgrd

deviation
1 0.31 0.002
2 0.26 0.001
3 0.32 0.001
4 0.11 0.001
5 0.29 0.003
6 0.28 0.001
7 0.17 0.001
8 0.08 0.001
9 1.03 0.012
10 0.53 0.002
11 0.88 0.014
12 0.31 0.001

As it can be noticed fromaigure 103 an increase of the porosity from the first eight
samples to the successive.
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Figure103 Specimens grouped according to their porosity.
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By observing theporosityanalysisresultsand the histogram iRigure 104, is
possible tayroup the specimens intlree accordingp the increase of the porosity.

Porosity
1,2 +
1 -
2 0,8
A
£ 0,6 -
o
£ 0,4 -
0,2 -
0 .
1 2 3 4 5 6 7 8 g 10 11 12
# Sample

Figure104 Porosity % of the samples from 1 to 12.

From the obtained vaks it is evident that the best combination of building
parameters are those applied for samples of the first group, witidaalgsorosity
between 0 and 8%. This group includesiost of the produced sampldésoM 1 to
8).

A second group consists of the samglesn 9 to 12that present a residual
porosity hat is still too high between®and 1%.

For these first two groups, the observedgs are mainlgmall andspherical.
This type of porosity is due to defects alreadegent in the powder particles that
are caused by gaseous argon entrapped during the atomization [X@8§68].

A third group consists of samples from 13 to 16. For these samples, the residual
porosity values are not reported because of the imposstboildgtermine it due to
the too high porosity levéligure 105.
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Figure105: specimens from 13 to 16 with a high defects amount

The bigger and irregular poresbserved in this group of specimerere
orientatedalong the powdelayers direction (X, Y direction), and are due to hon
optimized EBM process parameters.

This suggest that thrmombinationof high speed function and a high line offset
[B/D] (first and second column imable 23) is detrimental for the materigives
the higher number of defecta.fact, an excessive speed of the beam does not allow
the complete melting of the material and can lead to the fornatieak of fusion
type defects.

Even if the speed function was also high for the second group of specimens
from 9 to 12, they presented a lower amount of porosity due to the lower line offset.
In fact, the combination of high speed function and low liffseb is not so
detrimental as the combination described before.

Furthermoreit is noticeable a decrease of porosity for samples in multiples of
four. According td=igure 104andTable 24, these positions coincide a low speed
function and positive focus offsatdmbination [A#] in Table 23)

A porosity level below the 1% and composed by only small and spherical pores
can be considered acceptable because does not affect the material properties. By the
other hand, the presence of a large amount of big and irregular deflectscrease
the material properties and therefore cannot be acceptable.
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5.2 Microstructure analysis

The microstructure was analysed for each sanmptederto correlate it with the
different combinations obuilding parameters and possibly with otlasralysis
carried out on the materiglich as the DRX analysis

Microstructure images at different magnification were taken both for the post
EBM samples that for thosater the heat treatmenthe resulting images have
shown different microstructures gimed into two classes: some specimexisibit
a microstructure different from the others and different ftbeexpectecasEBM
microstructure.

The specimens were sectioned along the building direction, polished up to 4000
grit, etched \andthanobsereet dt differens magnifitation using
optical microscopy. A macro observation was also useful to better understand the
overall microstructure and its homogeneity.

5.2.1 AsEBM microstructure s

By the comparison of the different macro images of the specimens microstructures
(Figure 106), it is possible to observe a particular microstructtreaid: from the
samples 1 to 4 the microstructure tends to become progressively more similar to the
fine 9 microstructure observed in the samples from 5 to 12. By this image is also
evident the high amount of porosity for specimens from 9 to 16.

Inhomogeneous microstructures Good parameters window: fully densifyed,
homogeneous microstructures

11

10
Too high residual porosity Huge amount of residual porosity

Figure106 Microstructure of AAEEBM specimens. Macro overview

By observing in detail the microstructures from optical micrographs, it is
possible to notice that thamples from 5 to 12 shaslthe expected microstructure
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for the AsEBM maerial (Figure 107 and Figure 108). These samples exhibit a
homogeneous equiaxed microstructacenposedy equiaxedo grains (less than
10 um)[17]. The white arrow irFFigure 107 indicates the building direction of the
specimen and it is the same for all the other images.
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Figurel107: Microstructure of sampl8. Optical microscopy image.

From the higher magnification imagehigure 108it is possible to notice the
presence of both fine and coarser equiaxgrhins

Figure108 Microstructure of sample 8. Optical microscopy image.

The samples from 1 to 4 showed different microstructures and in each samples,
a microstructural variation from the lateral edges to the core was observed
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Sample 1 exhibit a completely lamellar microstructure in the centre with grains
having variable dimensions (less thansf). Figure 109 and Figure 110 show
the core microstructure of the sample 1 at different magnification

Figure109 Core microstructure of sampleQ@ptical microscopy image

50 pm
—

Figure11Q Core microstructure of sample 1. Optical microscopy image.

Sample 1 exhibits a different microstructure in the edge areas where an
equiaxed microstructure can be observ@dyre 111andFigure 112).
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Figurel12 Edge microstructure of sample 1. Optical microscopy image.

Figure 113 shows the microstructural variation in sample 1 through the
specimen section.

Figure113 Crosssection of specimen 1.

Sample 2 has@mpletelylamellar microstruttirein the coresimilar to sample
1 but with bigger lamellar colonies.
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Figure 114 and Figure 115 show the core microstructure of the sample 2 at
different magnificatios.

Figure1l14 Core microstructure of sample@ptical microscopy image.

50 pm
—

Figure115 Core microstructure of sample 2. Optical microscopy image.

The variation from the core lamellar microstructuré¢hte equiaxed one in the
specimen edges is evident fréfigure 116 andFigure 117. The equiaxed area is
extended for about 100 um from the edge to the center of the sample.
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Figurel16 Edgemicrostructure of sample 2. Optical microscopy image.

Figurell17 Edge microstructure of sample 2. Optical microscopy image.

Also for this specimen, the cresection image irfrigure 118 highlights this
microstructural variation.

Figure118 Crosssection of specimen .2

Sample 3 exhibits smaller lamellar grains with some colonies gfains
distributed along the layer deposition direction (yellow circleSigure 120). An
equiaxed microstructure is observed along the edges spdemen Eigure 121,
Figure 122).





















































































































































































































































































































































































































