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ABSTRACT

Diffusion bonding is a manufacturing process that has been largely used in industry in a
variety of sectors and applicatiofzasting, fan blades manufacturing, nuclear reactors components
fabrication, etd. The process is performed in a hot isostatic press (HIP) and requires encapsulation
of the components to generate vacuum and stability in the assemblies. Encapsulapicalig ty
accomplished by a canister, which needs the same shape, geometry and complexity of the final
component. In this work, a novel manufacturing process was developed to eliminate the canister
andreplace its performandey a -Sfe Sd HIfQjffbision Bonding methodwhich is based in
a series of welding steps with laser and eledreams thatreate an intermediate vacuum cavity
for diffusion bonding. The concept of this novel process was developed and patented at the
University of Nottingham with Blls Royce sponsorship. The research project foliftkil study
aimed tovalidate this technology, taking into account flo@ting of massive titanium sections cut
from plate is an attraie®e alternative to manufacturing lairge components by forgings it offers
a simple route to near net shaping, reducing the overall cassefmblies and parts collection
of different geometries was tested and all results were set as the process stéredamadd and
fatigue properties of T6-4-to-Ti-6-4, Ti-624t0-Ti-6246 and TH6-4-to-Ti-6246bonded parts are
presented and compared with HIRedk Ti. The effect of surface preparation on the bond strength
is also presented. Overall, little to no decrement in the strength, and only a small decregsein fati
life is observed as a result of the bonding process. In all cases, failure was observed away from the
bond line and showed high levels of plastic deformation. The novel process has been shown to

provide a robust, reliable and repeatable method fodibhgsimilar and dissimilaili plates.
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CHAPTER1

INTRODUCTION

If a word is chosen to describe the route for the development of Industry in this century, it
will definitely be Optimization. Apart from an ideal or utopic development, the Company Rolls
Royce is lookindor a simple solution, economic, feasible and flexible, above all. Thus, this project
focus on the successful implementation of the previous research work carried out at the University
of Nottingham that produced an intellectual property for the Diffufionding of the common
aerospace Titanium Alloy: T6Al-4V. Basically, this scientific novelty involves a Modified Hot
Isostatic Pressing, which replaces the traditional canning of the work pieces, by a simple Self
Sealing Process. The new alternative gnges only two steps: Sha@aitting and Assembly
Welding. Certainly, the final piece obtained from the HIB will require precision machining for
the final assembly, but the entire Nédet Shape Manufacturing Procedure does not incorporate
any ForgingRolling, or Forming step, and is done from the original plates of Bulk Material. As a
real i fe requirement based on Rolls Roycebds strate
its everyday operations, this research project will focus on the dewefdpf a manufacturing
process for the joining of massive titanium sect
new alternative to industrial production of large components by forging, that can be used with high
reliability to create high quali and high strength bonds between titanium plates. The subject for
this primary approachisthepartma d f Rot or Higubed.]l. Théslcamponentiisra 1.6
m @ ductless turbo prop Hub, which will be assembled in the Air Engine for a 150 SeaftAirc
to be launched in year 2025. The route to success in the industrial environment has evolved

dramatically in terms of applied science and technology since the very first inception of the



economic manufacturing of goods and the first industrial remoluHowever, the commercial
approach, as a component of the value stream or value chain for a manufactured good, has driven
most of the great advances in different industries no matter the huge amount of defence, academic
and nonrproduction oriented devgbments. Thus the production of high added value goods is the
main factor that motivates the industrial activity. All issues against this statement are prohibitive,
such as the use of expensive fAifancyo parst eri al s
This is the main reason why more than one lucrative organization competes in an impromptu race
across the global market for the ultimate cost reduction. Companies across the world have
consequently unleashed the utmost crippling addiction in tloéspaxcecraft industry: light weight,

energy saving, high strength, cost effective manufacturing. What is more, this current fashion
emulates what happened to the automotive industry in terms of product design: all components
must contribute to the lowesnha@ continuously improved fuel consumption. In this sense, the
subject organization has performed changes in its operations, continued its research and
development efforts and invested in new technologies, however there are yet opportunities of
improvementsuch as the fabrication of fan discs and similar titanium structural components. The
most relevant issues in the current and traditional processing of these parts are listed below.
Therefore, the companyds desi r ebesipossibleorates mhi ev e
performance and consequently to improve its operations management and execution. Probably,
there are just a few new technological developments that could be included in the everyday
operations and that could be used to improve thieent issues and the logical solution could be

the investment in a research project, nevertheless it is necessary to analyse the profitability of
corrective actions and alternatives, with a simple three steps action plan: Current condition vs.
Target vs.Desired Condition. This analysis is discussed in the next sections. The general
description of the situation and the data employed are the best approximation to-life caaé

of study. There is information that has an informative character and dbbhav®any essential

role in the researcMPhil project. The final stage is only forecasted for the same information

purposes.
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Figure 1.1 CAD model showing a hypothetical jet engine and emphasi&iigwup ofa
theoretical component (rotor hub) t hsedlingr epr esent
HIP-DB o

Table 1.1Summary of current weak points of the rotor hub manufacturing that represent the key
opportunities for research and improvement

No Desciption

1 The current manufacturing process include Forging and Machining Operatiol

An alternate Powder HIP has been explored resulting impractical and poor mech
properties

Unproductive material utilization: current buy to fly ratio is 7%

The part is large and has a complex shape

It is a safety critical application




Nowadays, the situation of the manufacturing process involves at least seven basic
operations, which are time consuming and labour intense. At the end of the entire, phecess
a large amount of titanium scrap. The Value Stream Map for the current condition is depicted below
(seefigure 1.2). According to the statements madepievious paragraphs and table 1tlie
objectives and, consequently, the scope of this grajee defined by the following achievements:
a) To develop a novel approach to manufacture large titanium aerospace components by forging.
b) To offer a simple route to Néa&det Shape Manufacturing for large titanium aerospace
components (light weight/higstrength). ¢) To reduce the overall cost of large titanium aerospace
components by forging (butp-fly ratio =50% and less steps of processing). d) To understand the
process to a maximum extent in order to identify its possibilities and limitationsmmary, the
projectbs main goal i figuré 103, in whicte dil of thb eperationa daree d e p i
oriented to support the Neblet shape approach. The value stream map shows clearly that the SS
HIP-DB6s approach r equationeand tHatettse gjlobal tleadotisne is fedudec b r i ¢
significantly. Obviously the economic aspect of theF8B-DB is not evident ifigure 1.2, but it
does not mean that it is not present. The simple reduction of steps produces a low cost solution.

This is thesame case for the scrap generation which is reduced by the use of forged preforms.
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Figure1.2 Current Value Stream Map
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Figure 1.3 Desired Value Stream Map

The Self Sealing and Diffusion Bonding Process is an economic and simple manufacturing
alternative. The original idea was to develop a better fabrication method for structural components
of aerospace applications, because the current manufacturing process involves several production
stages (such as forging, precision machining and joinimg)poaly transforms a very small amount
of raw material into a useful produdihe novel process was conceived as a modified hot isostatic
pressing which is a common practice in powder metallurgy. The original approach uses a mould to
encapsulate the powdtr be bonded by diffusion. The parts made by this process are conforming
products used in necritical safety applications, so in order to produce components with excellent
mechanical properties the use of basic forged shapes as the raw material ingxphesd.
Additionally, the use of any special tooling, fixture, mould or encapsulation waseavoid
Therefore, the SEIIP-DB can be considered as a neat shape manufacturing proceBsisthesis
describes the activities performed during Miehil research project. The first chaptpresents the
introduction and background for the subject of study and the research project statement. Chapter 2
presents the literature review performed to establish the reference sdocém research arah
investigaton ofthe state of the art. Chapter 3 describeentire research methodology applied to
thex per i me RSeaing HPBRAd f showing each step in the
including the method used for assessment and analysis of the bondeGlpapter 4 describes the

initial study performed for developing the basic processing parametérs t h&e a@Seh § o



sequence. This study includes the results from the finite element analysis of the laser welding step
Chapter 5 presents the results frime experimentation and analysis, includihg mechanical
propertiesassessment by tensile and fatigue testing, and the metallographic study of the bonded
interfacesChapter 6 describes a case stisayhe application of the novel process in a sebajéd

rings, and the results obtained after the analysis of the bonded parts is disousssebs the
process capabilityfChapter 7 describes the conclusions obtained for the research and examines the
key opportunities for future work. References aretisat the end of the document, preceding the

relevant collection of annexes.
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CHAPTER?2

LITERATURE REVIEW

2.1 Materials

2.1.1 Titanium

Titanium (Ti) is considered among other materials as a light metal and its alloys are
consequently considered ashiglloys[1]. This condition is possible because Ti has a relative low
density { 1® "(Foo &) compared to othémportant metafs In addition, the combination of its
other properties such as tensile strengi"Y'Yt T @0 § ductility ¢ ¢ wlp and high
resistance to corrosive species, have made Ti extremely competitive and attractive for structural
applicatiorg2]. However, Ti is very reactive and has an elevated melting point (1660 °C), factors
that contributeta t s rel ative high HAextractionds cost o,
industry started around 1945, among other reasons because Ti is highly available on earth (just
behind Al, Fe and Mg, and far more abundant than Cu anfBNiJhe first Ti products had high
Hydrogen content which provoked serious embrittlement and, generally speaking, the commercial
products eRibited alloy instability, low strength and poor weldabi[dy. Most of the applications
were not accomplished until the developmatew, improved alloys such as8Al-4V ca. 1951.

The production process of Ti has been improved and modified several times from the original Kroll
process hagnesium ragction of TiCk) [5] to incorporate cost reduction in its extraction and
production[6]. Most of the recent developments use a Ti powder base or are oriented to Ti powder

production3] because the cost breakdown to produce Tigowtls shows that machining, forging,

1 Steel [I8t UCX® & ]; copper [18o ¢ & 1; zine [x@ 6D ¢

n



finishing and all transformations from Ti mill products into useful prodinase an elevated cost
proportion in the manufacturing sequeldie thus near nethape or nethape parts are more
desrable in order to eliminate those expensive transformation processes. Nevertheless, novel
methods for Ti production have been developed to deoxidisgif @dmolten salelectrolyte based

on calcium chloridein Cambridgg/] and to reduceTiCls in molten saltin by a continuous
metallothermic process, in South AffiBa Another alternative explored in many research projects
has been the development of surface treatment techniques over titanium products in order to
improve their properties, such as wear (and tribology in general). Among these processes, laser
nitriding[9] (also achieved by plasma and ifif§), diverse coatings and thermochemical
processesuch as oxidation and carburizing have been used to improve wear Ti pr@pErties
Additionally, cryogenic and ageing have been used to improve microstructure and mechanical
properties in Ti6AI-4V[12]. Before everything Ti qualities and advantages have inspired
designersin many fields of engineering and industrial applications, such as the massive heat
exchangers of power plants in Jafa&), dynamic offshore risers fodeep water production
flexible drill pipe for special drillingoperation§l3], golf clubg14] or medical implarg14] and

[15]. However, the aerospace industry has been specifically the major driving forceitsediiogs
development. In particular, the design criteria for structural integrity in gas turbines state that safety
critical parts are such whose failure can put in danger or risk the operational capability of an
aircraf{16]. Among other components, discs, shafts, fan blades, compressor blades and turbine
blades are categorised as critical parts. The design of these componentsaity @auild civil
aeroengines is driven by demands of great thrust, reduced weight, improved fuel economy and low
lifecycle operating costs, therefore the entire design process depends more on materials rather than
aerodynamics, making high stiffness, creprggth, fatigue strength, weldability and operational
temperature range among other properties, the most important specific material reqyit@nents
Furthermore, pure Ti is different from other materials because it exhibits a crystallographic
transformation from closiepacked hexagonal atoms arrangement (or hcp crystal struetireed

as fAal phao iglkease)dt ¢ ulbody arrangement ([Bjcc, kno

Titanium alloys are mainly given the appellati
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in view of the fact thiatheir alloying elements have an effect on stabilizing any specific phase or
the combination of bofth9]. The alpha phase is stable at room temperature, whereas the beta phase
is only stable above the beta transus temperature. Basically, Ti alloys include an alpha stabiliser

(commonly Al) which causes the transfoeomati on

increase. Aluminium dissolves at 550AC and adds
at smal | scal e are O, N i and C. I n addition, Ti
transus temperature to powerdesiasblyvel ida s$bleubi
A b stabiliser wildl case that the final all oy r

common beta stabilisers are grouped isamorphgV and Mo) which are mutually soluble with

Ti, and eutectoidsHe, Mn, Cr) which react into new phases that precipitate into new compositions.



2.1.2 Alloy T+6AI-4V

Historically, the most successful line of developments (and usage) in Ti alloys has
happenedbi sByshem&+ The most voupdseToAl-4\k(@iG4n al |l oy
Figure 2.1 depicts the phases and crystallographic transformatio®ef. Tihe key characteristics
to be aware of are, the beta transus temperature and the quantity of primary alpha phase in the final
state. A high alpha phasmntent in the alloy is preferable because it enhances strength and
ductility[16]. Table 2.1 show a summary of the most importantentags of Ti6-4 for this research
project. The values presented are the calculated averages of each parameter that were found in a
series of trusted resources (which references are presented in the appendix). As shown in figure 2.1
and table 2.1, the tranf or mati on from a completely beta co
compound, occurs at some point betweeni98@10 °C (beta transus temperature). Therefore, the
working region for any high temperature processing in this project has to take placetladess
982 °C. As a matter of fact, most of the authors recommend that any heat treatme6tdin Ti
happens at a temperature in the-galnsus regidi20]. The only time when the alloy is processed
above the beta transus is after melting, when the aim is to homogenize the grain distribution and
refine the coarse betai cr ostructur e, before any further
recrystallizationby thermomechanical processing such as rolling, forging or forming. Figure 2.2
depict the phase diagram of the6Al-4V system. At the given temperature of 920 °C, the tie lines
represented by the segments AC and BC are the required parameters tdectideudanount of
primary alpha phase present in the alloy, Thus, according to equatj@t]2the alloy (Ti6Al-

4V) contains approximately 87 wt% of primary alpha phase at 920 °C.

b - V@ yobeééee. 2.1
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Figure 2.1 Phase diagram and crystallograptasinsformations of 16-4

Table 2.1 Typical properties of -B-4 summarised from eight sources (references in appendix)

Value
Parameter Symbol Units ) Condition
Min | Max

Density J glen? 4.43 STA
Beta transus temperature Tp °C 982 | 1010 STA
Liquidustemperature TL °C 1636 | 1674 STA
Coefficient of thermal expansion (xip| O, os 9 STA
Thermal conductivity e W/(nfK) 6.80 STA
Specific heat capacity c kJ/(kgFK) 0.58 STA
Ultimate tensile strength UTS MPa 896 | 1110 STA
Tensile yield strength Fty MPa 827 | 877 STA
Proof strength (yield @ 0.2% offset)| Uyo.20 MPa 828 | 1103 STA
Elongation 0 % 8 10 STA
Reduction in area RA % 20 25 STA
Tensile modulus of elasticity E GPa 110 | 116 STA
Aluminium content %Al % 5.50 | 6.75 STA
Vanadium content %V % 3.50 | 4.50 STA
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Figure 2.2 Phase diagram showing the tie lines needed for calculating the amount primary alpha
phase present in the-BAI-4V alloy at the given temperature (920 °C)

2.1.2.1 Microstructure

Grain size within the microstructure of Tialloysismpor t ant , because coa
in Ti-6-4 can affect fatigue life and tend to be the initial cause of cracking. Furthermore, cooling
rates after processing are fundamental to obtain good mechanical properties and heat treatment can
improvecreeppmmer ti es when the resultind7].msaoyothert r uct u
U+ b al-6-4 yansforih imartensitically after quenchipg], resulting in mar
mi crostructure arranged within prior b grains
application, since it degrades ductility, fatéinitiation resistance, low cycle fatigue resistance and
strengtli23]. In an ideal compound, the proportion of phases would exhibit a relatively high amount
of fine (small) equiaxed primary alpha grains within a fine lamellar (acichltd matrix (see

figure 2.3). This is known as a-biodal microstructure.
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Figure 2.3 Typical -fll-4VosThecspeei méniwas kexiTi ac
receivedo plate and exhibited equiaxed alpha

Theinitial Ti mineral has to be processed by thermochemical processes in order to become
a useful Ti sponge that needs to be melted into an ingot. After melting.-6:4 ifigot has a very
coarse grain microstructure, therefore it is necessary to furthezss it to obtain a useful product.
Figure 2.4 shows the ingot microstructure. The ingot is homogenised and the microstructure is
refined in a first forging operation at a thigh temperature abo\ED3C the beta transus for 1 hour
(figure 2.5). In thisstep, the cooling rate (8000 °C/min by water quenching) is the key element to
obtain a fine lamellar microstructure. The homogenized ingots are then processed by unidirectional
rolling at a temperature 380 °C below the beta transus Y kteps, in ordeo obtain a coarse i
modal microstructure by water quench cooling at a rate above 1000 {Z4inisee figure 2.6).
The deformed ingots are recrystallized at206°C below the beta transus by cross rolling
(deformed in 2 perpendicular directions using 2 hammers in 5 steps) and quenched in water at a
rate above 1000 °C/min in order to refine tharmdal microstructure. Finally, the ingots are
solution treated and aged by heating them in a furnace é@@®53C forl hour following water

quenching (and aging) for& hours at 48%95 °C (see figure 2.7).
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Figure 2.4 Microstructure evolution of a-&i4 specimen after processing: a) initial
microstructure of the ingot obtained after meltiriggponge by electron beam. The ingot exhibits
a coarse beta grains microstructure; B) ingot homogenisation process by forging above the beta
transus temperature and cooling at 8000 °C/min by water quenching
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Figure 2.5Microstructure evolution of a 78-4 specimen after processing: A) microstructure
appearance after homogenisation by forging. The beta grains are smaller and the lamellar matrix
was refined; B) rolling process applied to further refine and deform thetzetes. The water
quenching was applied at 1000 °C/min
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Figure 2.6 Microstructure evolution of a-&i4 specimen after processing: A) deformed
microstructure by rolling. Beta grains were elongated to ease the next processyBpllization
process below the beta transus temperature by cross rolling to get equiaxed alpha grains in an
intergranular beta matrix. Cooling rate was 1000 °C/min
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Figure 2.7 Microstructure evolution of a-&i4 specimen aftgorocessing: A) microstructure
exhibiting equiaxed alpha grains in a transformed beta matrix obtained by recrystallization; B)
solution treating and age processing starting with heating at a temperature below the beta transus.
Water quenching and aging wias 4-8 hours at 48%95 °C



2.1.3 Alloy T+6AI-2Sn4Zr-6Mo

Among U+b al | oy s-6A-2InéZr-6Me (it6-24-6) bas thepedularityT i
that it was designed to combine the typical properties of the widely usgdl-BSn4Zr-2Mo-
0.08Si (Ti6-2-4-2-S), which was commonly applied to jet engine components that were operated
at service conditions with high temperatures (~540 °C), and the significantly improved intrinsic
properties of an U+ btreadd maiyly td ifcredsts lamisessbHeowewer, s o | u t
it is not applied to high temperature jet engine sections, but to intermediate temperature segments
that require forged elements and compressor disks. Minor applications include seals and structural
components. The most used forgimethods are close die forging and ring forgimgyertheless
some components are commonly produced by hot die or isothermal forging which favours the
fabrication of neanetshape parts. The processing methods used f&2¥4-6 products are
identicalto those used for T6-4 products with minor changes, for instance superplastic forming,
bending, sheet forming and machining. Conventional welding, i.e. electric arc, is a difficult method
to weld Ti6-2-4-6. More successful joining methods include labeam, electron beam and
diffusion bonding. Typical heat treatments for6F2-4-6 include annealing for stress relieving,
solution treating and aging.able 2.2 shows a summary of properties exhibited b§-Zi4-6,
including the most relevant mechanicebjperties that have been used as reference in this research
and other important parameters. Additionally, the table contains a summary of the most important
elements and their average compositions present in H6e2W6 alloy (expressed as weight

percemages).
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Table 2.2 Typical properties of -B-2-4-6 summarised from eight sources (references in

appendix)
Value
Parameter Symbol Units Condition
Min | Max

Density J glcmt 4.65 STA
Beta transus temperature Te °C 935 | 940 STA
Liquidus temperature TL °C 1595 | 1675 STA
Coefficient of thermal expansion (x$0| hy °ct 9 STA
Thermal conductivity < W/(nfK) 7.7 STA
Specific heat capacity c kJ/(kgFK) 0.5 STA
Ultimate tensile strength (UTS) UTS MPa 1170 | 1214 STA
Tensile yield strength 0.2% offset T y0.2% MPa 1000 | 1103 STA
Elongation 5 % 8 13 STA
Reduction in area RA % 12 20 STA
Tensile modulus of elasticity E GPa 114 STA
Aluminium content %Al % 5.5 6.5 STA
Molybdenum content %Mo % 5.5 6.5 STA
Zirconium content %Zr % 35 4.5 STA
Tin content %Sn % 1.75 | 2.25 STA




2.1.4Factors that influence microstructure evolution

As explained before, microstructure changes in Ti alloys occur by heating and cooling,
however major changes occur when the part is heated above the beta transus tempecatiegland
in diverse media at different rates. In fact, the Ti manufacturers control the microstructure
appearance by applying successive increments and decrements of temperature by forging, rolling
and quenching. Furthermore, the vast majority of heat tezatapplied to Ti alloys are conducted
at temperatures below the beta transus and the parts are cooled by air, furnace or wate8 Table 2.
shows a summary of the factors that affect microstructure in Ti alloys. In the casé-df tie
desired microstructure can only be among 3 main types: a) fully lamellar, worked mainly above the
beta transus temperature; b) equiaxed alpha in a traredddyata matrix, always worked below the
beta transus temperature; and ¢jrmidal or duplex microstructure, homogenized above the beta
transus temperature and refined in the alpha region. In other words, processing (and refinement)
below the beta transusrhperature produces only -imodal or globular (equiaxed) alpha
microstructures, with traces of transformed beta, whereas processing above the beta transus
produces martensitic or Widmanstatten (basket shaped) microstructure. Equiaxeehauthlbi
microstrictures are the most desirable conditions, since it’s been proven thatlikee@anellar
or basket shaped) microstructures exhibit poor mechanical properties and increase the risk of
fracture initiation. The most representative microstructures obtasmaaombination of tHactors
summarized in table 2.8re shown in figure 8. Important microstructural changes occur with
simple variations of heating temperature and hold time, however the cooling rate and its medium
modify drastically the resulting igrostructure. As a general convention, coarse microstructures
must be avoided, therefore using air at room temperature as a cooling method must be avoided
above all. The mechanisms that occur during the phase transformations and microstructure changes
demend only on the parameters mentioned in tabBea®d involve atoms diffusion and grain
growth. Working pressure (or processing increments in pressure) do not exhibit any influence on
the resulting microstructure. In summary, the method for transformenmitrostructure in F6-

4 rely on the application of a certain combination of the factors presented in table 2.
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Table 2.3 Summary of factors affecting the microstructure evolution in Ti alloys

No Factor Effect
1 Heating or processing Abovebeta transus Lamellar microstructure
temperature Below beta transus Equiaxed microstructure
2 Hold time (heating) N/A
Air Coarse grains
3 Cooling medium Furnace Intermediate grains
Water Fine grains
Fast Martensite
4 Cooling rate Average Duplexmicrostructure
Slow Globular coarse grains
5 Beta Quench In water Tempered alpha prime
Unidirectional Rolling Elongated (deformed) grains
Cross rollin Homogeneous and refined graing
6 Operation 9 (recrystallization)
: Grains refinement frornoarse
Forging .
microstructure
Solution treatment and Fine equiaxed microstructure
age (STA) q
Residual stress and work hardenir]
relief. Can be Or e/
anneal 6 devel
Annealed recrystallized U
atgrain triple points microstructure
or a Obeta annea
7 Heat treatment grain fully transformed structure

Solution treatment anc
overage (STOA)

Primary al pha

transformed beta

Duplex annealed

Primary alpha plugVidmanstatten
alphatbeta regions

Mill anneal

This is not a full anneal that cause
traces of U+b W
partial recrystallization /
Widmanstattert) + b
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Figure 2.8 Summary of resulting microstructures after applying a controlled combination of
factorsdescribed in table 2.2 to a collection of6F# specimengfrom [25]]

2.1.5 Texture of Ti alloys

Crystallography of Ti alloys represents a key characteristic for component design and

manufacture, since Ti is an anisotropic material and the working direction when forging, rolling

and thermomechanical praseng has a decisive influence in the mechanical properties of the final

component. Crystallographic orientations and grain boundaries witiGm Tnicrostructure have
a significant effect in fatigue life and fracture propagation. As mentioned befaatoyls exhibit

an allotropic phase transformation at their beta transus temperature from a hexagopalaiede
crystal structure (hcp) to a bodgntredcubic crystal structure (bcc). For-&i4 there is a

combination of the crystal structures in theafiproduct, and the proportion of primary alpha phase

depends on the final working temperatures or heat treatment temperatures, as mentioned in a
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previous section. Furthermore, the orientation and position of the crystals within the final product

lead theeffect of processing on the mechanical properties. There are a number of planes that can

be considered within an Ahcpd crystal, but the &
are the two hexagons located at the bottom and top of the cilfsgabrientation of these basal

planes is defined by establishing the processing directions in a rectangular billet as transverse

direction (TD), rolling direction (RD) and normal direction (ND). By convention, the nomenclature

associated to crystallograpaynd processing directions (orientations) is depicted in figure 2.9. As

a general rule, the cooling temperature and rate duriggdThomogenization determines the kind

of texture, since the cooling phase dictates the size of grains that will be defastezhlly in the

U+b phase field, all owing the devel opment of bot
hcp, and in the beta phase, bcc). Nevertheless, it is the deformation temperature which determines

the type of texture, for instance at It@mperatures the result is an alpha deformation texture (also
knownasbasdl r ansver se, AB/ To, texture), in contrast
result is a beta deformation texture. We®wever, t
based on one out of six beta (bcc) planes according to the relation |(X00D2) (also known as
transverse transformation texture @ATO0) . I n addi
rolling, c¢cross rolling or forging, exert influen
phase, the recrystallization process doatschange significantly the texture. Crystal orientations

have great influence on the mechanical properties, because a specimen tested along the rolling
direction (RD) has a much lower modulus of elasticity that a specimen tested along the transverse

dred i on (TD). A similar effect occurs when assess
exhibits a | ower strength compared to a ATDO spe€e
mechanical properties. Modern methods for texture assessmenmteinhkl use of field emission

gun electron scanning microscopy (FEGSEM) in order to obtain electron backscatter diffraction

images (EBSD). Basically, the specimen is affected by an electron beam, and the diffracted

electrons from this interaction tend tarfoa pattern that is detected by a special purpose screen.

For Ti alloys the formed pattern is known as the Kikuchi pattern (see figure 2.11). The numbers in

parenthesis are the reflectors that can be observed in a good quality EBSD study. For thp first st



in the determination of crystallographic orientations, the pattern is indexed according to the pole
(zone axis or intersection of bands) indices and bands (crystallographic planes). With this
information the relative positions of poles and bands israhitied with reference to an external

frame, because the Kikuchi pattern comprises all the angular relationship within the crystal, and
therefore it contains the crystal symmetry (as a matter of fact the Kikuchi pattern is a projection on

to a flat screenfahe spherical representation of the angles within a crystal). Essentially, matrix
algebra is used to solve the required crystal orientations and the calculations are usually performed

in a computer program. Current EBSD systems are capable of preseatiligin a coloured image

with high quality. In this method, colours are assigned to planes, and generally speaking the
nomenclature and colour assignment follow the pattern shown in figure 2.12. Therefore, it is easier

to identify the overall crystallagphic orientations in a cross section of the area of interest by
simple optical observation. This coloured i mag
figure (1 Q+1I P)o and the colour key isictedt en f ¢
typical cross section of bulk ¥6-4 analysed by EBSD. The reference taken for the hexagonal lattice

is the coordinate system (A2, Al), as shown at the right hand side of the EBSD image. This
nomenclature is taken from the hexagonal lattice shoviigune 2.12, where Al=al and A2=a2.

i.e. they are the reference poles (zone axis) within the hexagonal lattice. From this reference, the
partial coloured IP figure is set to its left corner as red (plane 0001), right lower corner as green
(plane¢ppm) andupper right corner as blue (plapepnm). Therefore, aligning the (a2, al) plane

parallel to the observer, the crystal orientation can be known for each pole and crystallographic
plane defined by colours mentioned above and the rotation is fixed by ehened plane (a2, al).

In summary, the desired orientation of the hcp crystals is explained in a simpler way by the
comparison shown in figure 2.14. I'n this cont e
trend26], i.e. asthe capacity of a Ti alloy to have a common alignment of their main
crystallographic orientations in adjacent grains. It is preferable to have a smooth and homogeneous
pattern of alignment in which all crystals follow the orientation shown in figure R, skecause

having a random orientation in all directions as shown in figure-R,lithplies a high risk of

fracture and poor mechanical properties in the final component. In addition, figure 2.15 shows the
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relation between the crystal orientations and thle figures. The reference is the rolling direction

(RD), the pole figure shown in figure 2-B6shows the alignment and orientation of the hcp crystals

when they are perpendicular to RD. In the ideal case, all the crystals would be perfectly aligned,
therefore the pole figure would appear empty with a single point at its lower left corner (point A).

In real life the crystals are hequally oriented, thus the lower left corner shows a smooth red

gradient that blends into blue and green. In a similar wagnvwhe crystals are aligned parallel to

the transverse direction (TD), the pole figure would appear as in figureB2.48d a perfect

alignment of all crystals in this orientation would cause the pole figure to show only a single point
atitsrightlowec or ner (point B) . I n this case the O6real
the right lowercorner which fades into blue and red from the other corners.

v L
o ....._,,Normal Direction

X

Rolling Direction . Traverse Direction

Figure29 M mencl ature and convention flceatedfirtnc p 0 cr yst
[27]]
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Figure 2.12 Typical nomenclature and colour key
and fAibcco -hases for Ti

Figure 2.13 Typical appearance of&# cross section obtained by EBSD. The pictanesually
known as fdi mage quality + inverse pole f



hep Unit Cell

Figure 2.14 Schematic representation of the hcp crystals orientation-4 illet: A) the most
desirable condition is a pattern of crystals oriented in the same wapagigth planes
perpendicular to the top view of the billet; B) a random distribution of crystals has to be avoided
by all means in order to preserve the mechanical properties intggrity[30]]

A SN RD B SN RD
A / A} /
2 o
: \ U Ak
. b 1 ag > TD
SN (0002) 7D SN (0002) 1D =

Figure 2.15 Schematics depicting the explanation of pole figure and the actual crystal
orientations: A) Basal planes are perpendicular to the rolling direction and the crystals are
oriented as shown, point A at thettom leftcorner would mean all crystabre perfectly aligned,;
B) Basal pl anes are aligned 6transversed to t
direction (TD), point B represents perfect transverse orientation of all crifsbahs[22]]
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2.1.6 Mechanical propertiesinTi+ b al | oy s

As mentioned in previous sections, Ti alloys have been chosen in industry for structural application,
among other usages, because of their high specific strength. Both alloys studied in this research
(Ti-6-4 and Ti6-2-4-6) have high tensile arfdtigue strengths, however as presented in tables 2.1
and?2.2 Ti-6-2-4-6 has better mechanical properties. Actually6-P4-6 dloy was developed as a

more fully hardenable version of-6i4 and was designed to provide major weight reductions in
mediunmirange temperature service conditions (<400 degrees Celsius). Generally speaking, the
morphology and arrangement of alpha and betagshésve a very strong influence in the
mechanical properties because the factors presented in table 2.4 have significant effects in the final
Ti components. Moreover, the specific sizes of the different microstructural features exhibit
different values fotensile yield 0.2% strength and tensile elongation (see table 2.5-64)Ti

Finally, the effect of microstructure in the fatigue properties é-Fispecimens is shown in figure

2.16. According to the plots, fine microstructures are the best congiitadhcase, since their-8

curves showed that the specimens failed at higher levels of stress under the same test conditions,

therefore the most desirable state is as fine microstructures as possible.

Table 2.4 Effect of microstructure size in tensilegerties of Ti6-4 specimens

No Feature

1 Prior beta grain size

2 Colony size of alpha lamellae

3 Colony size of beta lamellae

4 Width of alpha lamellae in lamellar

microstructures

5 Grain size of primary alpha in{onodal
microstructures

6 | Volumefraction of primary alpha in binodal
microstructures




Table 2.5 Microstructure types and their characteristics according to the sizes of their reference

features
Microstructure | Microstructure Feature and Yield 0.2% Elongation
Type Size reference Value Strength [MPa] | to fracture
Fine width 0.5 pm 1040 0.20
Lamellar Average width 1.0 um 980 0.25
Coarse width 10 pm 935 0.15
Fine grain size 2.0 um 1170 0.55
Equiaxed Average grain size 6.0 um 1120 0.49
Coarse grain size 12.0 ym 1075 0.38
_ Fine 40% U prinr 1110 0.55
Bi-modal — :
Coarse 40% U prin 1075 0.45
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to the crystallographic orientations. As mentioned in a previous section, the typical textures are
related to the crystallographic planes as follows: basal texture (B), transversal texture (T) and mixed
texture (B/T). These features and therking (loading) directions: rolling direction (RD) and
transversal direction (TD), are set at the beginning of a typical fatigue test in order to quantify their
combined effect in fatigue properties. Figure 2.17 shows the fdirgjusviourof a series bfatigue
specimens tested according to the combinations shown in table 2.6. Overall, the fatigue properties
are better for IRD specimens, since their runout occurred at 725 MPa, whereas the worst
combination were the -TD specimens which had a runout580 MPa. The endurance level
established in these tests was set to 107 cycles. Mixed textures had an intermediate fatigue strength

because their stress axis was set perpendicular to the texture planes.

1 1T
T 900 !
=3
& |
g 800 , |
= ] | \\\7"‘“‘* ' T-RD |
£ 700 1 \\'\\:'* B/T-TD]
» ] N\ B/T-RD
£ : N~ B ||
% 600 4— » ]
1! ; | T'TD+

103 104 108 108 107 108
Cycles to failure, Ng

Figure 2.17 Typical $\ curve depicting thdifferent combinations of crystallographic
orientations in a collection of overlapped plots. The fatigue test was performed under normal
room conditions, only in T6-4 specimens with equiaxed microstructffrem [32]]



Table 2.6 Nomenclature for fatigue specimens e8-#ii The specimns were machined and
loaded according to the list

No | Nomenclature Description

1 T-RD Transversal texture loaded in the rolling directior]
2 B/T-TD Mixed texture loaded in the transversal direction
3 B/T-RD Mixed texture loaded in the rolling direction

4 B Basal texture

5 T-TD Transversal texture loaded in the transversal direc

2.1.7 Alpha case in Ti alloys

As mentioned in a previous sectiontJ+bamong
alloy. The effect of temperature in oxygen depends on the amount of it that is present in the alloy,
but generally speaking high temperatures or operation at elevated temperatures can cause growth
of the oxygen concentration and it tends to conme¢mtat the surface of the Ti billet. The issues
start when the temperature transform the concentrated layers of oxygen into a fully alpha structure.
In other words, the most common processes that can cause oxidation in Ti alloys (and more
specifically thepresence of alpha case) are heat treatments, welding and hot forming (including
forging). It is worth to mention that alpha case can be avoided if the heat treatment is carried out
within a vacuum chamber (vacuum furnace) or inside an inner atmosphe&randih issue
provoked by the presence of an alpha case layer lies on the fact that it is really brittle and can
significantly affect the mechanical properties. The depth of the alpha case layer is significant but
even at shallow rates of depth, the rislaafevere fracture increases grg&y, in other words, a
very thin layer of alpha case can significantly affect the mechanical properties in the final
componeri7]. In addition, the variation of the alpha case with time at high temperatures, is
consistent with the diffusion rates for oxygen at those temperature levels. On top of that, common
maximun operations conditions in a jet engine are achieved under high temperature rates, which
can facilitate the progressive concentration of oxygen in the surface of the components, attaining

sufficient layers to become a fully alpha microstructure (or alplsa)cTherefore, the healthiest
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solution for alpha case is the complete removal of the layer, which is commonly performed by
machining (milling or grinding). Electro discharge machining is also used to refine Ti billets and
remove alpha case, as well agterjet cutting, but in the latter case there is need to perform a deep
cleaning by chemical bath or etchjBd]. These preventive measures have to be taken before
further processing or before the Ti products are used in any manufacturiregsegnew products

are usually cleaned and delivered free of alpha case (suppliers must provide evidence or a certificate
stating the removal of the alpha case layer). Figure 2.18 shows a typical cross sectiérdof Ti

exhibiting an alpha case layer.

ALPHA CASE LAYER

Figure 2.18 Cross section of a@# specimen depicting a shallow layer of alpha case at its
surface. The contamination is concentrated at the surface but there is evidence of certain traces of
contamination a bit far fromtlep e ¢ i me n @adapted ranfB5)] ¢ e



2.1.8 Creep behaviour in Ti alloys

Considering the classic approach, the concept of creep is commonly apphedcasep
rate or strain rate, i.e. the variation of strain over tiateelevated temperatufe 'Q 7Q §{36].
Traditionally, a temperature about a half of the melting psinbnsidered an elevated temperature.
The study of creep is important because in metals the work hardening phenposersea by
deformation and elevated temperatyresn lead to flow stresses, then increase cavitation or
cracking and finally cause fraate.l n ot her words, the risk is the
in strain rates along with low strain hardening. Creep is essentially important in Ti alloys, because
jet engine components such as gas turbine compressors, are manufactured ino$trudiares
containing | arge amounts of primary alpha gr ai
is preferable to achieve alloys with reduced content of primary alfie practical comparison
between alpha, alpha+beta and beta structurelecancurately analysed by the application of the
LarsonMiller relationship # "YO & & "Qop m ), because it allows data over a range of
temperatures, to be superimposed on a common|[@lirveis the absolute temperature in degrees
Kelvin, C is the Ti constant and t is the time to a particular strain or éadtis worth to mention
that a0 optimised alloy exhibits thatlzalance must be achieved in the final microstructure of all
compaents manufactured ifi alloys, since a beta processed microstrudiemels to enhance the
creep resistanceyhereasa highproportion of transformed beta grains (or secondary alpha) in the
final product, can cause weak fatigue capabi[@ék Figure2.19 shows a typical Larsevliller
plotfor Ti alloys which can be compared to make the best choice for the intended appliciien.
2.7 shows a summary tie relation between grain typgshasespnd theirdirecteffect inthe Ti

al | prgpérses.
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Figure 2.19 arsonMiller plot for Ti alloys: Ti constant was selected as C=206% alloy
exhibits poor creep capabilities when compared #6216 alloy, according to the Larson Miller
parameter (taken from Evdii})
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Table 2.7 Summary of grain types in Ti alloys and their effettigmlloy designfeatures

Feature Grain Size G, s U cooling rate
Prof stress Finer, increases More, increases More, reduces | Fine, increases
UTS Finer, increases§ More, increases More reduces
. . Fine structures,
LCF Finer, increases More enhances
enhances
. Fine, increase,
More, increases Effect depends
HCF — . but coarse,
limit on cooling rate
reduces
Fine grain . Fine structure
Toughness 9 More, reduces | More increases
reduces reduces
Finer grain . .
Growth rate . 9 More increases| More reduces Fine reduces
increases
Cree Large, enhancey More, reduces | More enhances
P performance performance performance




2.2 Manufacturing processes

2.2.1 Forging

Manufacturing is the responsible for the global industrial and economic progress for at least
the last 20@/ears.Science and technology have also had benefits from manufacturing and most of
the research and development carried out in the whole 20th century to the present day, has
something to do with manufacturing and industrial applications. In this sense, dme robst
important and profitable ways of designing and implementing an innovative and successful
business is the investment in new alternatives for manufacturing and fabrication technologies. This
is one of the main motivations in thissearclproject: tomake easier the manufacture ofgetgine
components by the application of new and more economic fabrication procedures. The traditional
manufacturing of most of the aéingine components is by forming and machining processes, such
as forging, milling andturning, however the powder metallurgy is widely used in metallic
components where the safety is not a compromise. Apart from those traditional procedures, the use
of nonmetallic and composite materials is growing in utilization; owe to their excellepegies
and their alignment to most of the industry commercial objectives thus their manufacturing
processes such as polymerization and moulding have also their own different technology. The scope
of this project only includes the machines applied tostimaple preparation and prototyping. The
industrial conditions are reproduced for investigation purposes and the operation conditions are set
as close as possible to the real values. The current manufacturing process of structural components
incorporateshe forging of the raw material, and a later precision machining. The issue in this
method is the generation of scrap, as mentioned in previous sections. The different machines used
in this process are classified by the method of manufacturing:-DigerCloseDie, Hot Upset,

Roll, High-energyrate, Radial, Isotherm@ndHot-Die, Precision, Rotary and Powder Forging,
Ring Rolling, Rotary Swaging and Coining, however most of the machinery are simply Hammers
and Presses for forging. Additionally, the finakled part drives the machine selection. In this

case the piece is a simple forged ring obtained as a seamless rolled ring in a 3000 Tonne Forge
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Press (see figure Z0) and finished in a 200 Tonne Vertical Mill. As mentioned befane, t
manufacture ofitanium aereengine components by forging is a widely used process in the aircraft
industnf38]. Forging is one of the processes considered as metalw{8irend virtually all of

the known forging processes are suitalde titanium and titanium alloys manufacturing. This
manufacturing method is basically, a plastic deformation process in which the final part is forced
to change its shape by a tool. The main change in the process is only physical and the main variables
arethe pressure and temperature in the part and the equipment. As many of the deformation
processes, the proportion of the plastic deformed piece is much greater than the elastic one, so the
spring back or recovery is practically impossjBfy. Fig. 2.2 depicts the manufacturing of an

aero engine componént

Figure 220 Typical forging hammer used to fabricate jet engine components

2 http://www firthrixson.com/ [12 December 2013]
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Figure 2.2 Images depicting the typical forging of an aero engine component: A) the heated part
undergoes severe deformation and the materi al
fadoptsodo the shape of the forging too

The process used form the parts that represent the object of this study is known as
isothermal forging, which is a superplastic fabrication mdw@jd The term isothermal comes
from the fact that not only the two parts of the tooling are heated tiye tfame temperature, but
also the bulk material. Figure 2 2lepicts the classic application of the isothermal forging: jet
engine disks. In this part production process, the input is the cylindricébnmeshown in the
upper left corner of figure 22 and the output is one among the depicted variety of finished
partg§41]. Obviously, the flyto-buy ratio in this piece is one of the highest of all theejajine
components manufacturing. This process takes advantage of the stable ddd fine phases a
elevated processing temperatures of titanium alloys, because at that state the material has good
fluency and fills completely any die or mo{d@]. Like any other manufacturing process, the
research and development in its field includes theysof micromanufacturing, or more precisely,
micro-forging. This process is simply a forging method aimed to produce better surface finishing,
by the application of a vibration device during the plastic deformation of the bulk material. In this
same waythere have been some advances in the surface preparation of the parts in order to improve
the plastic deformation rate and the Hoyfly ratio, by the application of oxide prior to hot
metalworking, and the application of spray for quenching large pidaeing the hot forging
process of rings, in order to improve thigength of the final products. Current advances in the
forging processes includee use of Finite Element AnalygiBEA) to predict and characterize the

effect of different parameters the integrity of the forgings and in the global perfonte of the
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manufactureResearch has algarned out processing windows for the FEA of orbital forgings,
which is a suitable process for the manufacturing okfgfine components that require fnig
strength and heat resistance. Microstructure is a difficult aspect to simulate by &\k\dn,[6]

have demonstrated that it is possible to forecast the grain size of forged parts by numerical
simulation (and FEA)and therefore obtain a probability distribution under controlled specific
manufacturing variableOther advances haveen made in terms of the casting and moulding
manufacture of mechanical and structural components, with the aim of eliminating intrinsic defects
in the material structure by converting dendritic structures into globular ones. This process is known
asfiRheoforgingd, which is a multidirectional forging process that exhibits a feasible way to explore
the density of dislocations and the growth and change in the strength of the final components. In
the field of blades manufacturing, important advances have rnaee in the use of moderate
processing temperatures dithe isothermal forging method@he combination of severe plastic
deformation followed by isothermal forging has proven to produce finangine components

with better microstructures and enhadamechanical properties, compared to traditional plastic
deformation processes and isothermal forgifige use of near net shape technologies has been
explored in the manufacture f&fn case frontrings which are fabricated by rollif¢3]. The work

carried out in th&obelco Research Instituteas motivated by the collaboration agreement signed

in 1983 to develop the V2500 turbofan engine, which uses a large fan disk made out of titanium
(Ti-6Al-4V alloy). The technology is a combination of metalworking processes that start with a
preform forghg followed by a cuto-length and holgiercing. The rings are then expanded and

rolled to the final bulk dimensions (see figure3.ZFinally, they are baked for stress relieving.



Figure 2.2 Image depicting the variety of different aero engine disi&scan be obtained by
forging

—> | Material forging process | | e— I Preform forging process I

(Piercing) (Expanding)

——> | Ringrollingprocess [—=—=>| N 1= vachining |= [ NDT | D[ Shipment |

treatment

King roll Axial roll
= ]|
Mandrel roll ‘\
]
Centering roll y

Figure223Schemati cs depicting the manufacturing pr
ing

65



66

[47] was that it served as the base for a further work carried out in the manufacture of the IPC cases
for the TRENT900 and TRENT1000 enginAslditionally, the evolution of the technology let the
components became lighter, taking into account that an important reduction in their volume was

achi

One important and remarkable aspect of the developmentd.figaning et al [5], [44]i
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2.2.2 Laser welding

Nowadays, laser machines and laser devices are more popular than ever, and industry has
been developed as an important market for laser applications. Advantages of laser welding such as
its high accuracy and its low heat input, have been used in this research to perform the sealing of
two or more billets, as a previous preparation method for the diffusion bonding of the final
assembly. Welding is the process used to join or assemble twaerdifferent parts or pieces in
order to form a complex shape part, assembly, structure or[ifhmbere are two main advantages
in the welding process compared to other joining methods such as bolting or riveting: economy and
feasibility{48]. These two characteristics have made this process very popular in the metalworking
industry and virtually all workshops and manufacturing faesithave one welding department.
Welding processes are classified according the nature of the technical principle applied, however a
point of reference is the type of material or alloy that comprise the joint, because traditionally the
welding was carriedut in pieces of the same fundamental f#p¢ Boyer et al6] suggestdthat
the welding processe®uld be classified according to the procedure for acquirirgnietallic
continuity between two pieces of material, by tcast the AWS classifighe welding processes in
a practical way, focusing in the operation and the opg8itokdditionally, Boyer, Welsch and
Collingg6] summarizeother classification possibilities based on the effects that temperature and
pressure in the joints, as fusion, AoIgion, pressure and ngessure processes, along with the
nature of their source of energy (mechanicagnaital, radiant or electrical), the interface and
energy transfer in the joints (liquid, solid or vapour) and the homogeneity or heterogeneity of the
welding. Laser welding is classified within the fusion welding processes, as-mtaghity radiant
enegy, highdensity beam or simply high energy labelam welding The technology involved in
the laser beam welding offers alternatives for manufacturing that no other metf&@].cane of
the most important advantages of this process is the fact tha myheat input is applied to the

material, therefof®1]: 1) Low distortion is present after the process; 2) The welds can be

3 Comparg7], [6] and[51]
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performed near the pieces; and 3) The microstructure gbitis has a minimum detriment in

terms of the grain growth and the heat affected zone.

Before going any further, it is important to explain how the laser beam welding (LBW)
works. The process can be performed with or without filler material and it bebers the beam
is focused in the joint. This first beam is reflected by the woike ces 6 sur faces in gr
and only a small amount of the energy transmitted in form of heat, however this amount is enough
to initiate the warming and eventually thesion of the materif0]. The heat starts to flow along
the joint and the metal starts to vaporize and retain the liquid matter around a small keyhole in
between the joint pieces. As the beam displace along the length of the joint, the liquid matter starts
to solidify far from the beam concentration. The companeritthe air surrounding the weld
provoke a chemical reaction that is undesirable in any weldment, because it is the first cause of
cracking and defects. When the weld line is finished, the pieces are joined together and there are
internal residual stressedistortion and fatigue in the jojg2]. The three important sections in the
laser weld are the fusion zone (FZ), the partially metimae (PMZ) and the heat affected zone
(HAZ). Figure 2.5 shows these zones in a butt jéaittwo titanium plates (alloy T6AI-4V)
welded with commercial purity titaniuhCP-Ti) filler. Figure 2.5 also depicts the typical features
ofacompletedwe[@3]: t he AFaceod, which lied twhed duppere dFiurrofead
is the boundary edge of the fillet weld at the
the endbottom part of the fillet weld (sometimes inside the joint and sometimes on the opposite

side of the AFaceo) .

4 Typically, the joints are classified as Butt, T, Lap, Corner andsGeds
5 Grades 1 to 4 in ASTA265



Figure 2.5 Cross section of a butt joint of two plates of6F4. the plates were joined by laser
welding and the image depicts the most important nomenclature of the

Other advantages that make the laser beam weldiitgie and suitable for this research
project are that it is possible to get thin and high depth welds, the process can be carried out at high
production rates in any position, the job can be completed from one side in difficult access setups
and the finalassemblies can be designed in a high grade of comgedityBy contrast, the gap
between the joints must be minimal, the parts have tdameped in position, the beam has to be
aligned previously during a time consuming setup, the displacement devices and stages must be
accurate, the complete system has to be fixed in one place and the global cost of the operation is
high[55]. The use and application of lasers have been extensive in recent years, not only for welding
apgications, but also for materials cutting. However, the analysigboTitanium alloys welding
is not totally characterized and there are important issues that must be unveiled, such as the integrity
of the weld in different operation conditions and pagters variations. The weldability of these
alloys is limited to the effect in their alloying eleméraad the process has to be performed at high
temperature, resulting in poor pdetmability propertiefs6]. Certainly, LBW is recognized and
popular owing to its mentioned advantages and its integraikegftig, however at high displacement

rates the weld tends to solidify very quickly and porosity occurs provoking different stress levels

8 Usually Nickel, Zirconium, Molybdenum, Aluminiunmd Vanadium
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in the workpiece, up to a 40% more than the nominal Ao so future developments will deal

with the feasibility to incorporate a stress relieving method for counterattacking this issue.
Surprisingly, when theresino external force or pressure source in the welding setup, no wide slip

deformation occurs in the joint, only the typical thin slips between 75 and 600 nm, which are the
product from residual and intrinsic streg883%. The titanium (Ti6Al-4V alloy) microstructure

obtained by welding contains aciculdt) + b a n dgrajm bounalariespnevertheless the primary

phase produced in the Fusion Zone is the martens

up to 1.2 GPa to the laser weld jo[B8]. Conversely, when the parts are subject to tensile testing
the fractures appear in the base materiaha@d the boundaries of the Fusion Zone (which contains
the martensite), and heat treatment or ageing do not have any impact in the tensile j&dferties
in other words, the laser weld has excellent tensile properties. Fig@sth#s the different

microstructures obtained in the LBW process.

Figure 2.3 Typical microstructures obtained after laserwelding: ) aci cul ar U, (2)
U and b, -grdirBbpundaries (d)ynedbq ui | i bri um interphase dur
martensite UNjat U/ binterfacea-Ti{e8 fine acicul

f
i n

a



An excellent reference information wabtained in the work carried out Bymingg59],
who characterized the effects of speethmwelding process when using solid state laser in power
levels from 24 kW. The area in the melt zone tends to shrink when the weld lines are carried out
quickly. The root gets closer to the face and the joint has an important reduction in ductilitg. Fig
2.27 depicts the resulting weld pools obtained by applying different travel speeds of the laser head.
The most important result for this project is the effect of applying the LBW at 10.5 +h from
one side of the butt joint, as shown in figure72e2 in which the MZ and HAZ appear near the
surface with Ano full penetration achievedo.

head to create a weld line, the weld depth decreases.

Figure 2.2 Effect of thetraversespeed intheweldingpool: (a)g #4.5m/min, (b)g 6.0m/min,
(¢)g Z.5m/min, (d)g 9.0m/min and (e #0.5m/min
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2.2.3 Hot isostatic pressing

The Al ndustri al Worl do has expected the mater
emerging of theéndustrial Revolution: the creation and development of an economic, single step,
manufacturing process, and it was until t he 198/
established f o€ernefitn esth aspheadp e ogaiy At thatistagaotine projectedh o d s
trends would be the development of precision forgingdimforming and superplastic sheet metal
forming[60]. Taking into account that the metalworking industry has been considered as one third
of the total production methods in the Ilg&b industry, along with casting and powder
metallurgyf60], it is a safe assumption that metal formed parts are present in aaniety of mass
products, for example appliances, furniture, automotive and aerospace parts, electric components,
and other commercial applicatiofis]. According to the traditional approach, every finished
product must be inspected before delivery and, in some cases, a significant series of sequential
inspections, repairs and corrections sho@arade in order to meet the market requirements. This
is an obsolete assessment system for a global economy. The competitive modern approach is based
on design and, apart from statistical quality control methods, the analysis has to be made upstream
in thevalue chain, at the part design stage, where most of the manufacturing and quality problems
have their origin; in other words, a poor design produces a poor pibeludthus, for the good
sake of the business, customer satisfaction and market captivity, the aim should be a product with
a predictable behavior, rather than refurbishment, andccémsbe only achieved by the accurate
design of products and procegdsd$. The most useful guide for the right process design comes
from the study of the State of the Art in Manufacturing Technology since, in the last twenty years,
there has been crucial advances that have given to the industry simple, but remarkable
contributions: (i) great reduction of material expenses; (ii) small machining allowances and close
tolerances leading to (iii) considerable decrease in machining time and process expenses; and (iv)
marked increase in strength values due tof#weurablemacrostruaire developed during the
procesgs8]. Traditionally, the isostatic press was used to carry out metal compaction, or more

specifically, powder metal compaction or consolidgdtidh, however recent developments have



made this process to become a near net shape alternative for manufacturing that is capable of
including different materials such as ceramics and compf8fe hot isostatic press can be
mechanical or hydraulicand, in anycase, the compressing fluid (commonly iaert gas like

Argon) is applied at high pressure to a mould or tooling, in which the raw material is coj@@jned

It is important to emphasize that the equipment is a Hot Isostatic Press and not a Hé2]Press
because they are different machines for different processes. Particularly, the Hot Isostatic Press
uses a combinan of high pressure and high temperature in order to achieve a full density
compressiof63] of the fine particles of the raw material into a coherent final part. The Hot Press

is for hot forming of sheet metal parts or plates. The combined application of a high pressure gas
and elevated temperature (generally 50 to @W%e melting point of the material) inside a hot
isostatic press is a process aimed to achieve the displacement of atoms across two surfaces in
contacf64], and is very common nowadays for the manufacture of parts from metal p@2yder

Figure 2.8 shows the concept of the main physical changes in the DB processing of two plates.
The equipment used in this process is a complex combination of specific devices, since the job
performed needs to be controlled and executed accurately to reach the dedingdsjate. The

main components of the HIP {6]: a) presswe chamber, b) heating system, c) elevated
temperature resistant enclosure, d) high pressure system and e) heat measurement system (see
figure 2.D). Apart from the press fdilPing, the current DB most widely used methods require
theencapsulation or canmg of the processing components in order to guarantee the presence of a
pressure gradient which is required to generate the bondind@®}cdhis can or capsule is
basically a mould or vessel for the vacuum,ibumhainly applied in powder metallurgy as the final
shape developer, because it generally has to be made equal to the final geometry as the finished

manufactured component, thus its complexity and cost vary in direct proportion.

7 In this case the equipment is called Hydrostatic Press
8 Usually argonat over 100 MPaHelium and Nitrogen are better HIP gases; however, Argon is more economic.
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(1) DB initiation

(2) DB progression

(3) Diffusion bonded part

Figure 228 Schematic showing the evolution of the diffusion bonding by HIP: section (1)
represents the material as received with the typical surface roughness; section (2) depicts the

initiation of the DB praess, where the compaction takes place and the material starts to fill the

spaces irbetween the two parts; section (3) shows the completely bonded assembly
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Figure 2.® Schematic CAD section view depicting the typical configuration of a hot isostatic
pressin which a diffusion bonding process is performed

There are 3 main variations of DB: 1) Joining, in which the parts or components are fused

together, 2) Solid state bonding, in which no fusing is performed, and-8jakieg, in which a

liquid metal 5 used. The main advantages of the DB process are that the process itself is capable
of: a) bonding completely large surfaces, b) bonding several surfaces at the same time, c) bonding
curveshaped parts, d) bonding and sinter powder materials, €) bondttegrhaterials, f) bonding

and remove pores and defects, and g) surpassing the yield point and performing plastic deformation
by bonding66]. The DB is considered an ideal method to produce parts from initiébpns that

have curved cross sections and as an alternative to welding, because not all of the materials are
suitable to traditional joining methd@3]. Established applications of this manufacturing method

are: high speed tool steels inserts, nickel safieys billets, titanium alloy powdersemented
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carbides tools, refractory metals consolidation and-netshape stainless steel components
manufacturfg8]. Moreover, the HIFDB process is used to diffusion bond seilidsolid, powder

to-solid and powdeto-powder components. Metal powder, ceramics and composites processing
have been longstablished applications of the diffusion bonding prdé&8$snevertheless, joining

of titanium plates is a successful novel approach for this techrfolBgyeral pasiapplications of

the DB were successful as a repair method for non 100% homogeneous metal[¢a@ktngs a
surface improvement process, were the parts were already solids with basic and complex shapes or
profiled71]. Over and above that, the inventiontieé HIP process was aimed to diffusion bond
dissimilar materialg’2], goal which is still pursed in recent developments such as the joining of
titanium to steel by the application of a copper interl@&r a remarkable achievement with very
good mechanidagproperties (a Vickers micrbardness of HV185 and a shear strength of 105.2
MPa), in which the copper prevented the formation of intermetallic compounds between Fe, C and
Ti. The use of interlayers has been explored and successful parts have beed alitainasing

nickel, silver or niobium as interlayers in the DB of titanium to stainless steel and copper resulting
in parts with tensile strengths up to 300 MPa and shearing strengths up to 560mi@adiffusion
bonding process has been successfully uiseéhe design and manufacture of aengine or jet

engine components, e.g. the incorporation of wide chord fan blades to produce a proper air
momentum through the fan st§ge]. The development of a different blade for the fan of -aero
engines was born veim critical issues arose in the thermal efficiency and propulsion owe to the use
of high bypass rati¢52]. The solution found at the SKIMA™ offered two alternatives: the use

of composites or hollowed titanium wide chord fan blades. As the main issue was the mass and
consequently the fuel consumption, the use of diffusion bonding for creating a titanium sheets
sandwich (Ti6Al-4V alloy) ard a post forming was established as the best solution for achieving
light weight wide chord fan blades with 100% bonded microstructures, same mechanical properties
asreceived the titanium sheet, high speed feasibility and high impact resjé&néégure 230

shows the approach and the result ole@diby BocanegreBerna[72]. The DB has been widely

9 See British Paterfelf-Sealed HIFDB: technique(Rolls-Roycein collaboraton with the UoNGB1302060.7)
10 Comparg69], [73] and[71]

1Soci ® ® Nationale dOEtudes et Const r uc-EnginesStudiesandNanhuéacture3 d o6 Avi at i on



used in the manufacture of fan blades for the G, E4, BRR, TAY, V2500 A5, Trent 700 and Trent
800 Rolls Royce jet engines (skgure 2.3); in this method the blade is fabricated from five
separated titanim sections which are diffusion bonded to form a solid part that is passed through
a hot creep forming to shape the aerodynamic profile which is-plgically formed into the

wide chord and surfaefinished in a five axis machining centre.
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Figure2.30 Diffusion bonding of a set of plates arranged to become a hollowed fan blade, study
developed by.oh and Si§Z3]

G Wide Chord Fan Blade Product Portfolio
TRENT
700 V2500 AS
BRR
TRENT TAY
800

Figure 2.3 Image depicting a collection of different types of fan bfan@nufactured by sheet
metal diffusion bonding
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As mentioned lines above, the diffusion bonding process has been used as a repair method
with great success in defence and civil aerospace applications, e.g. the remarkable achievement
made by P. Bailey and. Lowe in his development of a new process for fiiglagrity castings in
the U.S. Air Force, which consisted in packing the titanium part6ATH4V alloy) inside alumina
spheres and then put them into an autoclave cycle at an elevated temperatteFofabB.33C),
with an argon atmosphere at 10 ksi (68.95 MPa) for 1 hr. This HIP process produced void closure
and metallurgical healif@4], as shown in figur@.32, in which the resulting microstructure is also
shown. Another good example of the successful use of thelDBprocess is the work performed
at the Lewis Research Centre in association with the NASA in the manufacture of a four pole
alternator rotoblank. The part was comprised of three main parts: two magnetic ends made from
steel and one central section made from Inconel. The whole assembly was canned and then the air
was evacuated for tHdlPing. The result was an excellent bonded feature witmaile strength
up to 98.8 ksi (681.2 MPEB8]. The two phases of the application, before and after the hot isostatic

process, are depicted in the manufactured blank shown in figia®.2.3

12 Compare td129]



Figure 2.3 Sequence of images depicting: A) separate components of rotor blank and B)
appearance of the rotor after HIP manufacture
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Important advances have been done before the initiative of this project with the aim of
completely eliminating the canist®r the HIRDB process, and their results and findings represent
an invaluable source and reference for the completion of thdIB®B. The most remarkable
achievement was the Capsule Rr#Bing process, developed in the Kobelco Research Institute in
joint with Nippon Tungsten Co. The technology was applied to remove porosity in sintered metallic
products, repair casting defects and repair fatgeep damaged components. The parameters
established for the HIP process were a temperature between 886AGdand a pressure up to

100MPa for titanium (FBAI-4V alloy)[75]. Figure2.34depicts the Capsule Free HIP.

Figure2.3Schematics depicting the ACapsule Free
block and B) block after HIP, showing the typical 2D directions of pressure applied to the part

AuthorsLi et al[76] achieved another important advance in the canister less HIP methods
research. Their work demonstrates that it is feasible to eliminate the encapsulation of the titanium
elements for bonding, by the application of a brazing with-TuuNi-60alloy inside al®® Pa
vacuum atmosphere, along the external periphery of the assembly, thus completely sealing the parts
together. The parts were previously machined and ground to a conical shape in order to have a gap
of 0.5 mm between the matting surfa¢ese figure Z5-A). Once brazed and sealed, the assembly

was HIPped for 4 hours inside a chamber at@3thd 100 MPa. Figure 38 shows the whole

B Ti-6Al-4V alloy

HI



concept of the experiment. The resulting part had a tensile strength up to 910 MPa, which was very
similar to the orighal nominal value of the bulk material (921 MPa, see talBléoP the complete

tensile properties summanpefinitely the results and procedure developedéegr et a[77] are

crucial for this SSHIP-DB research project. The work is described in detail and they included the
values of the main variables, such as the HIP time, pressure and tempeeatare gimilar to the

previous results described above.

Steel Clamp

Braze Alloy
-—-_-‘.‘—'

— Bonding Specimen
e
s -_

Pressure

Pressure

Sealed edge,|

Pressure

Pressure

Figure 2.3 HIP-DB assisted by brazing: (a) sample preparation for brazing; (b) concept of
brazingassisted hot isostatic pressing
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Table 28 Tensile properties of bondsample comparedo parent materiabefore HIP

Bonded Sample As Received

Yield stress (MPa) | 823 | 823 | 823 | 864 | 856 | 869
Tensile stress (MPa] 910 | 902 | 907 | 932 | 921 | 933

Elongation (%) 19 19 21 20 21 20
The cross section in figure B,3hows the microstructure thfeassembly, before and after

bonding.The DB process was correct becatisebond line is not evidenthe microstructure is
uniform and improvedafter DB However, the brazed zone could change the properties of the
assembly components and it muststrctly controlled. One disadvantage in the procedure is the
machining, since the samples for the DB require a conical machining and a post grinding, which
means intense labour is required, thus the method becomes expensive and time consuming.
Microstructire andtextureareshown in figure 2.3 to provide abetter evidence of the perfectly
bonded component® micrograph of the bonding is presented, and the image shows that the
bonding line is almost invisible. The EBSD image of the same sesiions he orientation map
obtained after the diffusion bonding was completédvas confirmed thathe HIRDB was a
successful approach to the elimination of the canister (or capsuleYircthe a diffsision konding
processbut further analysis and expmentaton should be performed befditd@s methodcould be
establisheds a feasible and secure industrial applica#orecent approach developed bger et

al [78] evaluated the feasibility of the HIPB in different conditions, thus characterizing the HIP

for solid and powder base alloys and with different temperature and pressure levels at different
processing intervals. The reswas the manufacture of titanium near net shape components for
aeraengine applications with a reusable heatproof tooltannoraf79] verified that parts can be
sealed in pairs at the edge of the surfaces by electron beam welding and themhiépethplied

post HIP heat treatments in order to restorestiee ¢ i mierastauétureFinally, Thouraudi80]

and Xun et al[13] reported a collection dduitable parameters for diffusion bonding, presenting

mathematical models and constant values that can be used to predict diffusion distances.



Figure 2.% Schematic of the bonded cross sect{):drawing and detail of the assembly and
brazing beforéHIPing, in which the gap between the components is evignSEM
micrograph of the brazed assemt{l) SEM micrograph afterIP
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Figure 2.3 Microstructural and texture analysis of bondedparts fibr a z iHA P da s iagt e |

SEM of the bonded specimens, (b) EBSD image showing the crystallographic orientations after
HIP
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2.3 Engineering methods

2.3.1 Surface finishing and cleanliness

Matting surfaces play a key role in diffusion bondiiigpe process needs a really high
pressure to create the bonds. plastic deformation of the surfaces bsild proper bonding
Consequently, poor surfa@i@ishing or high roughness levels on surfacan increase processing
time, increasediffusion of atomsthrough the interfagecoarsegrain size andcreatesurface
oxidatior{81]. Lessmarconfirmed thatwhen a specimen has a rougher surface, the empty spaces,
porosity or superficial voids tend to be elimieadtby a superplastic flow mechan[82]. In
contrast, the smaller voids on a smooth and ground surface are closed by interfacial diffusion with

lower pressure and slow plastic deformation tempegatim addition,Inoug83] have found in

recent studies that the state of the speci menso

in solid state HIP bonding, since roughness and cleanlineseeamain factors that affect quality

of bonds. Good surface roughness (lower values) can be achieved by increasing the grinding speed,
whereas surface cleanliness can only be achieved by the application of ethanol and acetone in a
Asever ed (ifor at teaspbhalf an hduoflaei and Vahd§@4] also found that it is
possible to increase the quality of bonds by ultrasonic cleaning in acetone for at ledasutEs

and the application of Kinsummadystherswfacg fnishing and a
cleanliness are crucial for the correct application of HIP, because the parts are usually contaminated
and it is necessary to eliminate oxide, carbabsorbed gas, absorbed water, grease and, at some
extent, modest thermal damage by machining or grit from water jet cutting. One of the effects that
must be avoided at any cost is the transformation of microstructure during fusion bonding, because
new phases can be created as a result of the atom diffusion of the existing elements. Chemical

reactions can occur and new compounds can be formed with the contaminating é&jents

spec



2.3.2Process modelling

Finite Element Analysis (FEA) or Finite Element Method (FEM) is a mathematical technique used

to solve mechanical problems that are considered complex and difficult to B&wdihe
fundamental principle f any FEA solution is the fact that
downo into a series of s maldnayseddicidualyg withthdrs or e
own systems of equations that govern their perform@@e¢e#\s many other techgues, FEA has

been used in industry and research environments for many years, but it was until the 1960s decade
when computers became a useful tool for solving heat source models in welding processes, by the
application of FEA88]. Back in the day, most industrial problems that engirtegat¢o solve where
considered to be fAlinearo, or dealing with ma
behaviour(linearly) and which exhibitethfinitesimal displacemenii89]. Nowadays, progress in

the computational filed (hardware and software) have made possible to reprodtlggeaion
simulations in advanced FEA packages for virtually all kinds of materials and pr¢g@6%462].

Welding simulation has been studied by many researches through many decades and many
contributors have developed models that are still in use, but most of the investigations were based
in the work carried out birosenthal in the 1930s dec§®). Table2.9 shows a list of the most
applicable mdels developed for welding during the 20th century. Fi@ue8 shows the double
ellipsoidal geometry applied to Goldak’s model, which is the most recommended in the literature
for laser welding simulations. A modified version of that model was appliegtalt in Sysweld
(computational package from ESI Group manufacturer, used in this résdmuicits concept and

results were equivalent to the analytical solutRacent studies have tried to refine the model for
analytical solutions with a differembethod of solution, confirming the double ellipsoid model is

reliable for transient temperature results and weld gaolme n siinwatiog%].
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Table2.9 Summary of the most relevant models developed for heat sources simulations in

welding processes

Author Year

Nomenclature

V. Pavelic 1969
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Figure2.38 Geometrical representation of theuthte dlipsoidal heat source used @oldak’s
model and most representative for laser beam welding heat sources

Xia et al, develop a solution for predicting the general parameters for laser welding, based
on a hybrid model that involves a circul@aussian heat source at the surface of the joint, and a
cylindrical heat source for the depth of weldBfg]. Although this approach does not consider the
traditional double ellipse modad,is capable of predicting the right size and shape of the laser weld
pool. Exhaustive studies have been performed by many researchers to find useful applications for
the FEA model for laser welding, such as the keyhole formation [Stigyvhich analysed the
factors that contribute to voids generation in the lassd process, for example the oscillation of
the heat source and the initiation of a protrusion caused by collision of the flows inside the melting
region. This is an interesting concept that has to be applied to this research to develop the most
suitabledisplacement speed of the laser that avoids formation of porosity or other defects that affect
the weld integrity. In addition, Courtois.a@t developed another study that introduces reflectivity
as another factor that causes porosity or defect formatitre welding proce$gd7]. Reflectivity
increase as the speed of the heat sochemgestherefore,this is another variable that will be
minimized or avoided in the experimental pathongbunwatana studied deeply the keyhole
formation and found that the model for evaporation and gas bubble formation has to be included in

a more accurate laser weld simulation to correctly predict the weldzd98]. Yang et al, studied
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the dimensions and geometry of the heat affected zone (HAZ) for laser processir@yAfFIV

plates They foundhat the HAZ increases as the laser powersaszs, but it decreases as the spot

size increas¢89]. These findingdave a direct application for this project, because the weld pol
dimensions and its HAZ should be kept at the minimum possible, to avoid damage to the materials
propeties and to allow their removal after diffusion bonding. Kazemi et al, found that the energy
from the laser is absorbed at the weld pool generation but must be calculated at the surface,
therefore the efficiency of the process must be considered tchiéncbtrect weld pool sifE00].

This is a key factor to calculate thmount of laser power to obtain a desired weld pool Sragedi

proposed a model that represents an adaptive heat source, instead of a restricted volumetric
mode[101]. Those findings are useful to predict the shape and dimension of the weld pool at any
time during the weld pass, allowing to analyse the weld pool results at any pasitcmmplex
component with steps or flangeSpecial care will be taken to temperature history and high
temperature values during the laser weld, because Darmadi found that the heat source model affects
directly the size and shape of the weld pb@®?]. Syahroni et al, analysed the effect of the welding
sequence in the deformation of ATO shaped wel
every different change of welding semce and trajectory modificatiqh®3]. Close attention has

to be paid to the development of the best welding strategy to avoid great distortions and residual
stresses in complex joinBate et al, developed a model in Sysweld that confirmedithiabtopic

model must be avoided in laser weld simulation in order to avoid poor sensitivity in the residual
stress results that could generate wrong values for the joint disfp@4$nn summary, an accurate

development and selection of parameters is essential for good results in laser[d@dling
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2.3.3Non-destructive testing

Verification of the integrity of many industrial components has to be performed as a part
of their manufactusiingoprgaaddd,y ic.oem.t,r ods care ciki.
for quality assessment and control are definitely thedestructive test procedurd?olls Royce
determined that aerospace components must be verified in critical manufacturifgl$teps
therefore, in this research laser welding and diffusion bonding have to be verified to confirm all
componentsire defecfree. Laser welding can be assessed by a number of traditional methods, but
in thisresearch project the company determined that the Dye Penetrant Method with commercially
available products was a suitable option to evaluate the weld trackste$ting procedure is
described in the next chapter (experimental methodology). In addition, the laser weld and the
diffusion bonding are good candidates for laser ultrasound verificatitich is simply a
generatiordetection method that uses a lasghtibearfil06]. Among laser ultrasound methods,
theDGS (Distance Gain Size) method (pulse echo techngpmyed the most suitable application
for this researchwhich allows flaw sizing (any shape with amimium linear dimension of

0.01mm) and a distance compensation using the mathematical relation:

Where N is the near field length,ef2 is the probe effective diamete'end & i s t h
wavelengtfil07]. Que et al, developed a method that uses triangulation to detect the shape (width
and height) of weld pds, and the location and dimensions of cracks or defects, although it could
only achieve a resolution of 1/3 nfitd8]. Yashiro et al, investigated the detection of weld defects
and manged to obtain fair resolution images of the dgfHe®d. EscobaiRuiz et al, proposed a
method that uses three transducers arranged in different inclinations and locations above the
specimen, in order to detect defects in diffusion bonded samples. The method managed to overcome
the anistropy of tested materials by the application of simple ultrasound rather than laser beams.
Overall, the method demonstrated to be economic and effddt®jeLi et al, developed a method

that applies laser ultrasound to spatiallyoles acoustic spectroscopy, which allows to analyse
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microstructure and grain orientations in bonded specifh&hk This technique is known as SRAS

and is capable of scaimg Ti specimens angroduce large images that are similar to ERSD].
HernandezValle et al, investigated the effect of applying a combination of signal enhancement,
the transmitted amplitude and frequency content, over the geometry detection of weld flaws and
other defectsThe method proved to be reliable and managed to get very good approximations for

the shape and size of different defgtig].

2.4 Previous work at the University of Nottingham

Traditional diffusion bonding is performed in a hot isostatic press (HIP) and requires the
use of a canister to hold the desired assembly. The canister needs to be adapted to the final
component s shape. I f the part has a compl ex sh
canister, which may require more than one expensive (and slow) manufacturing processes. This
situation motivated the development of a novel manufacturing pradésthe potentiato offer a
costeffective route to producing complex 3D shapes, replacing expensive forging and wasteful
machining operation$14], [115] The process does not include fusion, and is-intmsive,
allowing a variety of angular assemblies and complex sfsIn this way it should be possible
to produce complex 3D structures through the bonding of multiple, simpler 2D components. HIP
canisters avueedbywetdbedysbhenme metal f abtghtcati ons,
environment. For the HH®B of multi-faceted, near net shepgomponents, the HIP canister
required must be complex and care must be taken to accommodate residual stresses and distortion
from welding, which might otherwise cause cracking in the canister or its welds, rendering it
useless. Additionally, HHDB caniders must be carefully cleaned, removing any oxide or surface
contaminants that may interrupt diffusion bonding within the component, and assembly must take
place in a clean environment. Following the HDB process the canisters must be removed by
eithermachining or chemical etching, increasing the cost and timescale for tHBBHffocess.
The novel canistefree hot isostatic pregdiffusion bondingprocess for near net shapamafacture

was developed as a better alternative for aero engine compaalamtstion that was protected as



a GB PatentiiMethod of forming a bonded assembl{zB1302060.Y. The initial work included

the development of processing windows that should be validated and confirmed with a series of
challenging experiments. Tablel@shows the parameters developed for waterjet cutting and table
2.11 shows the summary of parameters developed for laser beam welding. These values were set
as the initial input for an iterative process for optimising the manufacturing methodology (see

chaptes 3 and 4).

Table 210 Waterjet cutting process sheet developed at the University of NottinghamZ202)

1. Waterjet cutting (WJC) was used to cut billets from 1100 x 480 x 19.3 mn
titanium 64, farblade plate. An AWJ Machine: OrmonebXis Weter Jet
Machine (Ormond Plcyas used.
o 2. Aninitial cut, halving the plate in length was applied to provide a more
é manageable cutting platform.
S 3. Further cuts to remove billets were conducted using the below parameter
o Billets were cut out at 0-% mm oversized in all dimensions to allow for late
machining to size.
4. Following WJC billets were milled to an N7 finish on previously WJC face
Billets were then cleaned (see billet cleaning prosiesst).
a) Pump: KMT Streamline SIvV 100D Plus pump.
g b) Nozzle diameter: 0.75 mm (inside diameter), 7.14 mm (outside diameter)
g c) Orifice type: Sapphire.
% d) Orifice diameter: 0.25 mm.
o
o e) Grit size: GMA Garnet Mesh 80.
§ f) Traverse speed: 2 mm/min
= g) Pressure: 50 kpsi
h) Abrasive flow rate: 0.3 kg/min
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Table 2.1 Laser welding proces$isetdeveloped at the University of Nottingham (2€2(12)

Tack Welding
1. Tack welds were appliei titanium billets prior to loading into the HIP
canisters to prevent misalignment. Cleaned (with Isopropanol) universal
o fixtures were applied to restrain and locate billets. New Nitrile gloves were
3 to handle billets to prevent surface contamination
]
o] 2. An argon atmosphere was applied within a flexible bag surrounding the
a components for a period of 5 minutes prior to and during welding.
3. Tack welds were formed at 2 loaatis between billetdy momentarily (1
second) applying the laser beam at 1600 W (no filler was used).
a) Atmosphere: Argon following-minutepurge
(%2}
o & | b) Laser power: 1600 W
=0
< H .
S g C) Spot size: 3 mm
= 8 | d) Traverse speed
e) Filler material:None
Seam Welding
1. Seam welds were applied between titanium billets prioribe&m welding for
seltseal HIP trials. Cleaned (witkopropandl universal fixtures were applied
to restrain and locate billets. New Nitrile gloves were used to handle billets
prevent surfaceontamination.
2. An argon atmosphere was applied within a flexible bag surrounding the
components for a period of 5 minutes prior to and during welding.
o 3. Seam welds were formed on all 4 sides of the joint between billets using tf
3 below parameters leaygra 1020 mm gap for seam completion withHdeam
o and components were left for 1 minute to cool before removal from the
o atmosphere. Seam welds were created using the below parameters, trave
o speed was reduced (200 or 100 mm/min) to form a deeper well whiless
prone to cracking on-Beam weld or on HIP. Use of filler was also found to
reduce the risk of seam weld crackling.
4. Fillet type welds on larger, more restrained structures, were found to be ve
prone to cracking.
5. Following seam welding billets were stored in sample bags, in either a
desiccator jar or vacuum chamber.
a) AtmosphereArgon following 5minute purge
(7))
0 @ | b) Laser powerl600 W
= 0
:—_% E |c) Spotsize:3 mm
= 5_?‘ d) Traverse speed: 300, 200 or 100 mm/min
e) Filler material: None




2.5 Titanium in research and industrial applications

Ti alloys have been developed for many years in industry in order to benefit from their
special properties. Since the discovery and exploitation of Ti, it's been considersel @fstioe
most useful light alloys in many sectors, such as energy generation, medicine, sports, transportation,
etc. Although, the application selected for this research project is a component for a new jet engine,
the great advantage of this technologjthiat it can be useful in other different applications (nuclear
reactors, maritime vessels, skeletal implants, etc.). It has to be admitted that, overall, aviation has
received the vast majority of the benefits and it's been extremely active in Ti heSHazanost
important commercial developments and introductions of brand new aircrafts have included Ti
applications for many years, and these have increase over the last decades. Smith, presented a
summary of materials used in the Boing 777 aircraftrdeoto emphasize the use of various Ti

alloys in several sections of the aapf117] (see fgure 2.3).
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Figure2.39 Materials breakdown used in the aircraft Boeing 777. Five Ti alloys were applied to a
number of different components, including the jet engines.
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The improved performance of Ti alloys have attracted the interest of industréhls an
governments, who are worked together for several years in massive programs for cost reduction in
Ti componentd 18], but there are still important improvements to achieve, because the overall cost
of Ti parts is still high. Special attention has to be paid to Ti powder which has increased its market
after the introduction adidditive manufacture, because low cost and high quality powder is needed
to increase and improve the use Dfiinted components in the demanding industrial applications
of the 21st century. In general, Ti alloys have to be used in a more efficient wageto
performance demands, and this can be achieved by deformatiorcrackli development
model$119]. Materials handling methods are essentintfamponents life, because contamination
and corrosion can cause detrimental effects and crackiwigah Ti componenf$20]. Watanabe
et al,studied successfully the possibility of applying a heat treatment by laser on the surface of Ti
specimens, in order to decrease brittleness and improve their mechanical pftgéitiés a
specidindustrial report, Monicault et ghresents a series of known issues in Ti alloys that drives
the research atA-RAN[122], for example the accurate control of mechanical properties by
moddling the microstructure of forgings, the research works aimed to predict the influence of
texture in the materialsehaviourunder cold dwell, the studies and improvements of Ti alloys to
make them withstand high temperature and corrosive environmehts é@xhaust system, and the
re-design and r@ngineering of components to reduce progressivelyotlezall weight in jet
engines.Wu et al, developed a study that updated the high cycle fatigue properties6ef Ti
specimens and found that microstructwra imajor factor that affects mechanical propdatzs.

Murgau et aldeveloped a model that adapts the microstructural changes for arbitrary temperature
changes, focusing on alpha phase changes, which was found to be cruciahactienical

propertiegl24]. The model is intended to fiitate manufacturing planning.

Additive manufacturing has been introduced as a major playefufare industrial
developments, after many yeafsresearch. Shi et atudied the hybrid fabrication of specimens
by selective laser melting and wire arc cladflizg]. The resulting microstructuresere

characterisedndit wasfound that the hybrid specimens exhibited better properties than the others



obtained by individual processes. Leuders et al, investigated specimens fabricated by selective laser
melting, andfound that porosity in the completed components has a direct effect in fatigue life
(strength), whereas the residual stress caused by melting, renders a strong impact on crack
propagatiofii26]. In addition, microstructure in the final components can be modified and
improved by heat treatment after printing. Zhai et al, compared specimens fabricated by additive
manufacturing and electron beam welding, in order to agsésostructure and mechanical
properties. The microstructures found were a special case for Ti mlleysch fine morphologies

in alpha grains caused high fracture toughness, but low ductility. In summary, some properties were
enhanced by electron beam welding and others by laser processing, but were both better than mill
product$l27]. Banerjee prepared an exhaustive study that summarizes Ti features and properties,
and connects them to their applications in aircraft, aircraft engines and rocket engines, biomedical
devices (low toxicity combined i a bonematched modulus), and shapemory
application§l28]. He forecasted that microstructure evolution and crystallographic orientation
after processing wadd be deeply investigated because they have a very strong influence in

mechanical properties and performance of Ti alloys in all applications.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Overview of the process

Taking into account that the overall aimtbis research project was the development and
optimisation of a new manufacturing process (and all its parameters), the strategy implemented was
to break down the nmad nhiodyedctdmael lieart oo jeeacstiiewve s.
core steps deribed in this section are presented in a sequence, but some of them had to be
characterised and optimised before a suitable set of parameters could be collected arfdhéested.
concept-seaingHPSBO fand i ts over al | inthe sehematiccflone bet t er
diagram of figure 3.1, which depicts the complete experimental methodology used to demonstrate
the technology (steps are described in more detail in the next sedhibingligh this methodology
was developed to be applied to a widage of jet engine components, the initial research was
established tdetter understand the effects of processing in titanium all@se of the great
capabilities of this process is the fAexchangeabi
forgings, machined parts from previous processes such as casting or extruded profiles, near net
shape parts (3D printing, additive manufacturing), or commercial plate (cross rolled). When the
input is a plate, the first preparation step is cutting thetbilio the desired dimension and shape,

which for this research consisted of simple rectangular billets. It is akwelb wn f act t hat fi

gol den dreamd of a weld engineer, or designer, [
main factorsthahever | et the dream come true are the fir
(any 2 plates or elements in a joint donét have



extremely wellp ol i shed parts can only caoamae V alt loe ycsoon t
irregularities) and the cleanliness of areas of contact (Ti has a strong affinity to oxygen and in any

Ti part there is a layer of oxide present at its external surface). The second factor makes worse the
joining results, since the oxideca be produced not only by the bas
but also because of the presence of adsorbed moisture or any contamination such as paint, grease

or oil. The same general welding principles apply to laser welding, electron beam welding and
diffusion bonding, therefore the mating surfaces can be machined, milled or gfteritie initial

cutting, but it is strictly necessary that all parts are cleaned before further processing, regardless of
their original condition. After cleaning, theitial assembly step is to join the parts with a laser tack

weld before sealing. At this point, the parts are ready for the first sealing step. The parts must be
joined at their external edges by a shallow laser weld to minimize the heating effects. The key
strategic feature of this sealing step is to leave an open slot in one edge to allow the evacuation of

the internal gap in the following step. Sealing in vacuum is the final preparation step before HIP,
whereby the last part of the joint is sealed by tebecbeam welding, inside a vacuum chamber.

The weld integrity has to be assessed in all :
have cracks that could cause leaking during the HIP process. Laser ultrasound was developed along
with the MTC & a robust method for assessing the integrity and vacuum tightness of welds, prior

to HIP (the requirement was to achieve a-destructive examination procedure that was clean,

dry and feasible). To affect bonding, the sealed joints are placed intosted @éthe hot isostatic

press. Diffusion bonding is achieved after maintaining fixed values of pressure and temperature for
certain timeperiod. Finally, wet ultrasound was used as+t8t NDE to check the joint integrity.

The goals for results were kwa and set beforehantiowever a number of tensile and fatigue

testing specimens were machined from HIPed joints in order to quantify their strengttthsince

main targedf this project waso develop and demonstrate the prodeapabilities by mecharat
assessmentn addition, microstructural assessment of the HIPed joints was also conducted to

determine whether or not parts were affected negatively by processing.
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3. Surface machining

4. Chemical
cleaning

G, $Z0zZ°| ]

)
8. NDE (weld) 7. Sealing in vacuum 6. Seam welding 5. Tack welding

N\

10. Post HIP NDE 11. Specimen machining

TN

A\

14. Texture analysis 13. Microstructure analysis 12. Mechanical testing

Figure 3.1 Flow chart depicting the novel manufacturing processS8aling HIPDiffusion
Bonding. Steps 11 to 14 are only performed for research purposes.
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3.2 Materials

Two Ti alloys were studied in this research6Rl-4V from 2 sources (a cross rolled plate

in the annealed condition supplied by Titanium Metals Corporation, TIMEd 15 cubff shapes

from OGV plates, cross rolled and twice annealed, supplied by Rolls Royce)-6At Asn4Zr-

6Mo from a compressor disc eoff shapes, radially forged and annealed, supplied by Rolls Royce.

Table 3.1 shows a summary with a detaied s cr i pt i on

of these 2

conditions and properties were only available for thé-Ziplate from TIMET, which provided a

materi al 6s

certificate

with a summary of t

were supplied without certificates or any other related documentation.

base

he

Table 3.1 Summary of the detailed descriptions for the source materials studied in this research

No | Alloy Condition Dimensions Source
1| Ti-6-4 Crossed rolled plate (mill annealed) 19%x485x1115 mm TIMET
OGV cut-off shapegcross rolledalphabeta
2 | Ti-6-4 annealedetween 96@70°C, air cooled for 1 15x115x850 mm | Rolls Royce
hour and mill anneal between 6880°Q
. . : 5 different variations
3 | Ti-6246| Compressor disc cudff shapes (radially forged (see section 3.3) Rolls Royce
Table 3.2 Ti6-4 plate properties and initial conditions as received from TIMET
No. Condition Value
1 Ftu UTS) 940MPa
2 | Fty (0.2% OffsetYield strength) 885MPa
3 Elongationi n 20 16%
4 Reduction ofarea 40%
5 Microstructure Eq_U|axed and/-or el ongated
with no continuous networ |
. Present but acceptable provided within machining tolerar
6 Alpha case (info) (alpha case depth=G&m)
7 H content (H2 LECO) 0.06% (max allowed 0.015%)
8 Condition Mill annealed 2 hours @ BOC
9 Beta transus 998.91 1010 °C
10 Imourities content Fe=16wt%; C=0.019wt%; O=.19wt%; N=0.007wt%;
P Y<0.0005wt%
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3.3 Sectioning strategy dffi plate and forgings

The first guideline to develop the cutting layout in any material available was the size of
the largest part to be manufactured, in this case, the fatigue specimen. Each joint had to be designed
as a combination of 2 simple rectangular billets, arrangdtifferent positions and orientations
with a minimum thickness equal to 14 mm and a length of 125 mm. However, a number of billets
were extractedrom the rectangular T6-4 plateshowedin table 3.1in order to characterise the
manufacturing sequence ggesuch as the laser seam welding and to calibrate the EBW, HIP and
NDE processes. FigureZdepicts the rectangulautting layout of the Ti6-4 plate The second
guideline for the cutting layout designh was the desired combination & dkailable mateals.

Table 3.3shows the list of all possibjeint combinationsEach specimen was comprised of part

A and part B to form a joinfThe third design guideline was the number of specimens required for
themechanical propertiegudy. Rolls Royce establisti that the number of different stresses to be
analysed had to be 6 (six). Standard ASTM %88 recommends a sample size between 6 to 12
specimens in order to get a significant plot of results from any miechaest (tensile or fatigue).

The rectangular plate did not require any further considerations, but the other 2 remaining material
sources required a variable cutting configuration to fit their complex shapes. Figure 3.3 shows the
original shape and dimensions of a typical64 OGV gate cutoff and figure 3.4 depicts the
necessary <cutting |l ayout created to maximize th
dimensions 60x100 mm and 50x130 mm were aimed to provide mechanical testing specimens. The
additional billets with diffeent dimensions were included in the cutting list in order to get as many
billets aspossible and minimize the waste material amde reserved to characterise the different
processing variables during the whole study, such as the laser welding paratinetelsctron

beam parameters, the HIP parameters, fixture design, NDE straégrpstructureand other
preparation and experimental activities (the nature of variables involved in this study is explained
in detail in the following sectionsFigure 3.5 dpicts the top view of the original source for Ti

6246 alloy, a compressor disc that was forged radially along the direction lines showed. The disc

was sectioned in several parts but only the Eoffist depicted were extracted for this project. The
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dimensons and shapes for each extracted part are shown in figure 3.6. dfes@are presented

in side and top views in order to clarify that each part had a complex 3D shape. The cutting layout
for the required billets and their dimensions are shown in figuteThe final plates needed not

only the rectangular cut from their top view, but also double surface milling on both ends in order
to eliminate the excess of material exhibited in their side view, i.e. to obtain a uniform thickness in
the final platesThe rectangular shapes of the billets were machined to the desired dimensions using
the 5axis waterjet cutting machine model Ormond at the University of Nottingham. The summary
of the waterjet processing pararars is presented in table 3'Phe excess omaterial in the

c ompr e s s o-offs was emaved using the milling parameters summarised in table 3.5 and

the schematics of the process is depicted in figie 3.

1115

Figure 3.2 Cutting layout for the rectangulas64 plate

Table 3.3 Nomenclaturd all possible materials combinations in each joint type

Joint Type Part A alloy Part B alloy
I Ti-64 Ti-64
Il Ti-6246 Ti-6246
1 Ti-64 Ti-6246
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TOP VIEW [SOMETRIC VIEW

Figure 3.3 Typical initial shape and dimensions of thé-#iOGV plate cubff
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Figure 3.4 Cuttindgayout for the OGV plate ctdff. The image depicts the billet used for
mechanical testing (501130 mm rectangle) and

- Cut
- Part
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Forge
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__—Original
Compressor
Disc

Figure 3.5 Top view of the 76246 compressor disc showing its radial forging lines, its initial
cutting layout and the IDs of each eoif
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Figure 3.6 Collection of cutffs (A to E) extracted from the 8246 compressor disc, showing
the dimensions and shapes of each part, in side and top views
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Figure 3.7 Final cuttingayout for each cudff extracted from the 16246 compressor disc,
showing the specimen6s di mensions and
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Table 3.4 Summary of the waterjet cutting machine characteristics and the parameters used for
the rectangular cutting in all mai&ls sources

Feature Description / Value
Machine Model Ormond 5axis Water Jet Machine
Pump KMT Streamline SEV 100D Plus
Nozzle diameter | 0.75 mm (inside diameter); 7.14 mm (outside diamet
Orifice type Sapphire
Orifice diameter 0.25 mm
Grit size GMA Garnet Mesh 80
Traverse speed 2 mm/min
Pressure 3.45 kbar [50 kpsi]
Abrasive flow rate 0.3 kg/min

Table 3.5 Summary of the machine characteristics used for milling of the excess material in the
Ti-6246 compreofisor discbds cut

Feature Description / Value

Machine Model HurcoVM10 3-axis Machining Centre

X, Y and Z travels 660x406x508 mm
Table size 762 x 406 mm
Spindle Speed Max. 10,000 RPM
Tool changes capacity 20 tools
Feedrate Max. 15.2 mimin
Rapid Traverse X=24; Y= 24; Z= 24m/min

Tool rotation ~ Machining direction

Compressor
disc cut-off y

Figure 38 Schematics showing the most relevant features for milling #&24% compressor
d i s c-®ffs. Theunitial rectangular waterjet cut was omitted for clarity purposes
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The plates needed an additional mechanical preparation besausating surfaces for
joints had different dimensions in each material combination and their native orientation varied for
all source alloys (see figure 3.%50me surfaces were milled toYa o Aa surface roughness
value after the waterjet cuttingnd some of them were ground t¥a 1@ AX surface roughness
value (as shown in table 3.6). The key to the
plates shown in figures 3.4 and 3.7, and table 3.3. Surface roughness values wereugergiad
high-resolution 3D surface profiling system, model Talysurf CLI 1100, manufactured by SARL
Digital surf and equipped with a laser gauge and TalyMap analysis software. The machine setup
for roughness measuring is depicted in figur®arid the madhe specifications and measurement

parameters are summarized in table 3.7.

| Machined face |

! | Machined Edge|

Figure 39 Location of the mating surfaces required for the HIP joints: A) top surface machined
for fatigue specimens; and B) side edge machined for tensile specimens
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Table 3.6 Nomenclature of all matting surfaces machined to the specified roughness values for
ead joint type described in table 3.3. Specimens ID are related to figures 3.4 and 3.7

_ Joint type _ Roughness value
SpecimenliD Mating surface
(see table 3.3) H#/ pm)
Al1-C10 Il Ground 0.358
E18C8 Il Ground 0.378
E20-C9 Il Ground 0.345
A2 1] Ground 0.391
A3 i Ground 0.387
E19 i Ground 0.367
S1 | Ground 0.354
S2 I Ground 0.363
S3 I Ground 0.371
S4 I Ground 0.349
BM N/A Bulk material (uAjoined; as rolled) 25.631
EBW-1 I As rolled 26.456
EBW-2 I Milled 3.216
EBW-3 I As rolled 25.796
LV-1 I As rolled 26.108
Lv-2 | Ground 0.369
LV-3 I Milled 3.182

_ . EEEEEN

o controLunm S

SPECIMEN
i

Figure 3.0 Setup for surface roughness measurement (Talysurf machine on the right hand side)
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Table 3.7 Measurement parameters specified in the TalyMap software and the machine setup

Parameter Value
Recipe New (empty)
Sampling rate 500 Hz
Vertical range [-2, 2] mm
Measurement direction single
Measurement length 4.3 mm
Measurement speed 2 mm/s

3.4 Chemical cleaning with an Etching Reagent

Mo st

alloys require chemical cleaning to remove all dirt from its surfthe,presence of adsorbed

mater i

al s

need

only

i a

standar do

moisture grit from the waterjet cutting, grit from grindingrease or éifrom the machining

cl ea

coolant, or paint from any marking for ID, among other types of contamination that could affect

the welding process, therefore it was necessary to clean thoroughly the billets before any further

processing. The cleaning procedure usetthis study was performed at the Rolls Royce facilities,

accordi

ng

to its

standard

"n3540DC000100.

The

45 minutes and involves a number of immersions in solutions made with hydrofluoric acid, nitric

acid and potassium fluoride, among other components. Table 3.8 shows in detail the steps involved

in the cleaning sequence. The process is completely automated and the operators interact with the

parts just for loading and unloading them from the cleanirggNiat only it is strictly necessary to

wear nitrile gloves during the cleaning process to avoid contamination, but also during handling

and after the cleaning. The parts were wrapped in lint free cloths and put inside plastic bags

(individually) and thesgacks were placed into a clean plastic box for transportation, the parcel

was prepared with utmost care using cardboard fillers to avoid any hard movement and to avoid

any harsh condition during the transport back to the Laser laboratory at the Uniadrsity

Nottingham.
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Table 3.8 Detailed description of all steps required to clean thoroughly all Ti billets before

welding. The method applies to any Ti alloy

No | Activity Description Tank Temp Time
Load appropriate basket (see
1 Load | manufacturingnstruction) with blank - - -
panels ensuring no pax-part contact
Aqueous | Fully immerse in Ardrox 6333 with 53 50- Minimum
5 Degrease agitation running. Upon completion 60°C 10 mins
(RPS | remove the basket from solution and allo
461) excess solution to drain
Transfer basket to coldater rinse tank
and fully submerge. Agitate solution to ai -
] o . Minimum
4 Rinse | rinsing 55 Ambient )
. . 2 mins
On final removal from rinse use water
spray to remove any residue
After rinsing allow a minimum of 5 seconds for the components to drain
excess of water but do not allow the component to dry then examine for
thin continuous film coating of water without any breaks for a minimum
seconds.
Where due to the orientatiarf the basket all components cannot be
Water | observed for a water break test it is sufficient to carry out a sample che
Break | those surfaces which are visible
5 Check | An acceptable finish is one where no breaks in the water film are obser
LOP Any breaks in the water fit constitute a water break, indicating possible
F.2.2/24 | contamination and are unacceptable
If an unacceptable water break finish is observed repeat stepstll a
suitable water break finish is observed.
Note: If further processing is required e.g. etchingl@gshould be
conducted immediately. If further processing is delayed stepslist be
repeated
With no solution agitation etch 2%
Flash | hydrofluoric acid/ 20% nitric acid.
Etch Commence timing from the onset of .
: 1 20+5° 1 min
6 (RPS | 9assing 5 0+5°C
675) On completion remas from solution and
allow excess solution to drain.
Transfer basket to coldater rinse tank
7 Rinse and submerge fully using air agitation. 57 Ambient Mlnlmum
When removing from rinse use water spr 2 mins
to remove any residue.
Fully immerse components in 2%
De-smut | potassium fluoride/ 50% nitric acid to-de
8 (RPS smut surfaces with agitation running. On| 50 15-25°C | 2-3 mins
675) | completion remove from solution and
allow excess solution to drain.
9 Rinse Transfer basket toount_eFfIO\_/v rinse _tank 49a | Ambient Mlnlmum
and submerge fully using air agitation. 2 mins




Transfer basket to countflow rinse tank

10 Rinse and squerge fglly using air. When 49b | Ambient Mlnlmum
removing from rinse use denised water 2 mins
spray to remove any remainingsidue.

11 | DI Rinse Transfer basket to Hot Den'lsed rinse 48 85450C Minimum
tank and submerge fully using agitation 5 mins
Remove from Daonised rinse tank and .

12 Dry - - ~2mins
allow components to flash dry

13 Cool/ | Allow component to cool to a suitable ) ) i

Unload | temperature for handling

14 | Review

etching.

14.

Remove panels from basket using hook to minimise handlidghang in
print room isolation cabinet.

Review each panddonding surface for cleanliness. The surface rhast
uniform matt grey colour with no staining, visible contamination such as
particles or raised/discoloured areas that identify incomplete cleaning o

If any panelbonding surface shows an unacceptable finish repeat stéps

If after re-processing any staining/contamination is still present inform
supervision/laboratory.

PROCESSING AS REQUIRED.

NOTE: PARTS MUST BE HANDLED WITH CLEAN COTTON/NITRILE GLOVES
AFTER PROCESSING, CHEMICAL RESISTANT GLOVES MAYBE WORN DURING

3.5 Laser welding

A solid state class IV Laser (Nd:YAG), model YER®R00, made by IPG Laser GmbH was

used for all laser welding steps. Its source emits a 1.06um wavelength beam with a maximum

output power of 1750 W (nominal output is set to 2000 W of invisible laser radiattbhe optical

band near 1070 nm). The laser is controlled and monitored by a computer package (LaserNet) via

an Ethernet connection. The laser welding process was made in 2 steps: tacking and sealing. The

process is depicted in figure 3.4nd the paragters used are summarised in table 3.9. the tacking

step required that the billets were aligned and set into position to form the desired joint (butt,

sandwi

c h,

ALO,

ATO,

nuo,

i Ho

or fAringo).

The

between theimating surfaces. This was done by using a set of shims of 0.125 mm thickness each.

To avoid any undesired residual stress effect and to optimise the costs, a universal (standard and

simpl e)

clamping

set

was

appl i eingorutiseijomtgghafey o

bl

more or fewer elements were combined to fix the parts, but the whole set was kept to the minimum

109

o
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possible (see figure 3.12. The joint was c| antpiegdh tatn dp Icaosvteirce db aw

enough to cover the laser as wediedigure 3.1Bin order to weld within an Argon atmosphere

(this was continuously fed into the bag for 5 min prior to welding, during the welding process itself

and 5 minutes after welding). The tack welds were created by applying the laser at 1600 W for
second at focused poi nt tkizewastdendh; seetfigutetB)@Noj oi nt 6 s

filler material was used in this operation.

Table 3.9 Summary of laser welding parameters applied to both, tack and seam welding

Parameter Value
Inert gasprotector Argon
Power 1500 W
Traverse speed 240 mm mint
Spot size 4 mm

LASER
source LASER

source

LASER
beam

Plate 1

Seam
weld

Tack

weld
Plate 2 ate 2

Figure 3.1 Schematics depicting the laser weld rocess: A) Tack welding and B) Seam welding



Figure 3.2 Clamping method for tack Figure 3.8 Joint placed into the bag full of
welding (before processing) Argon just before processing

< TACK

Figure 3.4 Appearance of the specimen after tack welding

In the laser sealing step, the first consideration was the fixturing system. A critical
requirement was tavoid any loads on welded joints, but some residual stress is inevitable after
processing, therefore the standard fixture was used and the clamping method was kgt as sim
possible (see figure 3.15As mentioned in the previous step, an Argon atmesplvas applied
within the plastic bag that surrounded the joint. The gas was fed into the bag continuously for 5

mi nutes before welding to allow Anormal airo t
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