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Abstract

Safety-critical aerospace jet engine components such as titanium alloy compressor discs
are manufactured under very strict standards and regulations. It is essential that the ef-
fects of every manufacturing stage is fully understood to ensure the best performance
and avoid catastrophic failures. In this study the effects of upstream forging and down-
stream machining were determined and correlated with the variable fatigue performance
of a number of Rolls-Royce Ti-6Al-2Sn-4Zr-6Mo compressor disc forgings used in the
intermediate pressure section of a gas turbine aero-engine. A four-point flexural testing
approach was used to characterise the fatigue life heterogeneity at different circumferen-
tial locations in a Ti-6Al-2Sn-4Zr-6Mo compressor discs. Texture analysis using electron
backscattered diffraction linked these fatigue life differences with the heterogeneous non-
linear strain pattern induced during the open die hot forging process at the primary
forging stage of the VAR ingot. Moreover, this texture analysis also revealed the align-
ment of the HCP crystal c-axis in the radial direction parallel to the hoop stress during
the close die forging secondary forging. Crack initiation analysis of fatigue test coupons of
these regions were dominated with alpha phase that was orientated at an angle of 20-40o

with respect to the loading direction. This demonstrated that there is no purely basal
cleavage and a component of the applied stress has been transformed into deformation
slip to initiate a crack. EBSD analysis was performed to understand the crack propa-
gation mechanisms after identifying different crack path geometries during fractography
analysis. Best performing circumferential regions displayed a more convoluted crack path
and a lower texture index (MUD), as opposed to the straight cracks in the worst perform-
ing regions. This was directly correlated to the texture heterogeneities induced during
forging. Moreover, the best performing samples showed crack diversion/arrest when the
crack tip encountered regions unfavourably orientated for prismatic slip with respect to
the loading direction. A small-scale machining test was developed to recreate the in-
dustrial face turning process in small samples, making it more resource efficient to test
different machining parameters. This process was used to machine flat coupons, extracted
from a second Ti-6Al-2Sn-4Zr-6Mo alloy forged disc, which were subsequently tested in
the 4-point bend fatigue approach. This enabled the effects of machining parameters
on the surface performance to be directly correlated to the fatigue life. Results showed
that faster cutting speeds and metal removal rates did not have any detrimental effect
on fatigue life. In fact, machined coupons presented up to three times the fatigue life
compared to non-machined ones. However, circumferential variation in fatigue life was
still present, suggesting that the inherent forging effects on fatigue life cannot be “erased”
through the machining process. A third Ti-6Al-2Sn-4Zr-6Mo disc was machined at Rolls-
Royce facilities to evaluate the capabilities of the production machines when machining
at higher speeds. Vibrations in the component and mid-range speeds induced chatter-
ing which produced distinct surface markings. However, this effect was not seen at the
current industry standard or fastest machining speeds. This was attributed to modal fre-
quencies and system vibrations. Finally, force feedback analysis (FFA) has been used to
characterise the microstructure of a range of titanium alloys (and heat treatment condi-
tions) through the measured cutting forces. Heterogeneous cutting performance has been
linked to the primary forging process, demonstrated in a Ti-54M forged billet, and a
closer inspection of the collected signal, allowed grain size measurements and microstruc-
tural features reconstruction in ”fingerprint diagrams”. This reconstruction was validated
using in a β-forged Ti-17 billet.
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l’Escoyeta

Ellementos criticos aerospaciais nos motores de puxe a chorru, comu les pieces fechas 
de titaniu (p.e. discos de compresión) tien que fabricase so lleis ya normes perestrictes. 
Entós, caún les etapes d’esta xera ten que coñecese pa asigurase la meyor calidá, fur-
rulamientu ya evitar que non asoceden socesos con consequencies graves. N’esta xera 
atalantose ya coñectose los efeutos les forxes ya´l mecanzáu coles viariaciois na vida 
a fatiga nos discos forxáos de compresión apurriaos per Rolls-Royce fechos la mestura 
Ti-6Al-2Sn-4Zr-6Mo.

Testeo de flesión d e c uatru puntos a topó h eteroxeneidaes n es p restaciois mecaniques 
dellos llugares circumferenciais nel cimeru discu donáu per Rolls-Royce. L’estudiu de 
testura con difraición elleutrónica per retrodispersión (DER) estremo d’estes diferen-
cies coles heteroxeneidaes inducíes peles deformaciois non-llineares amosaes mentantu la 
forxa cimera. Sicasí, tamién lligose l’alliniamientu’l exe prencipal nos cristales hexagonais 
(l’exe-C) na direicion paralela les tensiones circumferenciais xeneraes pela forxa de ma-
triz peslláa (Forxa Cabeira). L’estudiu´l rodiu l’entamu les grietes n’estes rexiois amosó 
que, pa’l entamu d’estes, l’orientaicion l’exe-C nos cristais hexagonais, cola direición del 
puxe taba´l rodiu 20-40o, dexando claru que nun hai dixebra basal, sinon que parte´l 
tension tien que camudase n’esliz pa l’entamu les grietes. Usose´l DER pa l’estudiu los 
mecanismos qu’afeuten los estremaos trazos de grietes atopaes nel analisis les fractures. 
Nes meyores muestres s’atoparon indiz de testura menores ya trazos complexos, dixe-
brando colos piyores u atoparonse grietes reutes. D’esto amosose colos efeutos la forxa 
cimera. Amás, les meyores rexiois amosaron frenu y’esviación les grietes cuandu éstes 
atópense con rexiois orientaes escontra l´esliz prismaticu respeutu´l direicion la tension. 
Diseñáronse testeos pequeños de mecanizáu p’asemeyar el refrentáu en pieces non torne-
ables, ya puxar l’eficiencia´l p rocesu. Esto u sose pa mecanizar p ieces e strayíes d’outru 
discu (fechu de Ti-6Al-2Sn-4Zr-6Mo) pa ser ensayaes a fatiga ya comparai dellos valores 
nes variables de mecanizáu. Equí atopose que mayores velocidaes nel procesu, nun men-
guaben les propiedaes a fatiga, amás de medrar ta per 3 cotexandolu colos resultaos les 
pieces ensin mecanizar. Sicasí, atopose les mesmes variaciois nel exe circunferencial, fi-
nando que dellos efeutos les forxes cimera ya cabeira, nun puen desanciase col mecanizáu. 
El discu terceiru (tamién Ti-6Al-2Sn-4Zr-6Mo) mecanizose a Rolls-Royce pa l’estimu les 
capaciadaes nas maquines la llinea mecanizáu. Vibraciois atopaes n’interfaz plaquina-
discu a velocidaes medies foron atribuyies a les vibraciois modais nel sistema. Sicasí, 
delles nun apaecieron nes velocidaes mas altes.

Per cabeiru, l’estudio al rodiu les fuercies de curtie ya xeneración de forgaxa, foron 
usaes pela carateirización de varies mestures de titaniu, dixebrando les efeutos de curtie 
coles heteroxeneidaes produces pela forxa cimera. Estu demostrose n’un tochu forxao de 
mestura Ti-54M. Amás, l’estudiu les señáis recuyíes usose pa facer medíes de tamañu 
de granu ya la recreaición d’ellementos microstructurais. Estes reconstrucciones foron 
demostraes nun tochu (Mestura Ti-17) procesáu na fase β.
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Resumen

Los componentes de los motores a reacción, como los discos de compresión de titanio, 
son considerados críticos y fabricados bajo estrictos controles y regulaciones. Esto implica 
un vasto conocimiento de cada etapa en el proceso de fabricación para asegurar la mejor 
calidad y desempeño. Ensayos de fatiga de 4 puntos mostraron heterogeneidades en las 
propiedades mecánicas en diferentes partes circunferenciales de un disco proporcionado 
por Rolls-Royce. El análisis de textura usando difracción de electrones por 
retrodisper-sión (DER) fue usado para cotejar estas variaciones con las 
heterogeneidades inducidas durante el primer proceso de forja. Además, esto revelo la 
alineación del eje C de los cristales HCP en paralelo con la tensión circunferencial 
inducida durante la forja de ma-triz cerrada. El análisis del inicio de las grietas 
demostró que los cristales HCP estaban orientados en in rango de 20-40o respecto la 
dirección de la carga, demostrando que no hay escisión basal, sino que parte de la 
tensión se tiene que transformar en deslizamiento para comenzar la grieta. Los 
mecanismos de propagación fueron estudiados usando DER tras identificar diferentes 
geometrías en las grietas durante los análisis de fractografía. Las muestras con mejor 
vida a fatiga presentaron un índice menor de textura y grietas de trazo complejo, 
contrastando con las peores muestras. Esto fue correlacionado con los efectos inducidos 
por el primer proceso de forja. Además, se descubrió que las grietas se ralentizaban/
desviaban cuando éstas encontraban una región orientada desfavorable-mente al 
deslizamiento prismático con respecto de la dirección de la carga. Ensayos 
miniaturizados de mecanizado fueron diseñados para recrear los procesos de refrentado 
en componentes no torneables. Este proceso se usó para mecanizar cupones extraídos de 
un segundo disco para ser ensayados a fatiga. Aunque estos resultados demostraron que 
altas velocidades de corte no tienen efectos negativos en la vida a fatiga y que los cupones 
mecanizados presentaron hasta tres veces mas de vida a fatiga que los no mecanizados, 
las mismas variaciones circunferenciales fueros apreciadas en ambos sets. Esto implica 
que los efectos inducidos por los procesos de forja son apreciables independientemente 
del proceso de mecanizado aplicado. Un tercer disco fue mecanizado en Rolls-Royce para 
evaluar las capacidades de las máquinas de producción al mecanizar a velocidades mas 
elevadas. Las vibraciones encontradas a velocidades medias en el sistema crearon vibra-
ciones en la interfaz herramienta-pieza. Esto no se reprodujo a altas velocidades. Estas 
vibraciones fueron atribuidas a frecuencias modales del sistema. Finalmente, el análisis 
de las fuerzas de corte fue utilizado para caracterizar microstructuralmente aleaciones 
de titanio. El comportamiento heterogéneo durante el corte fue atribuido al primer pro-
ceso de forja, demostrado con una pieza de Ti-54M. Un análisis mas detallado de la 
señal recogida permitió medidas de tamaño de grano y la reconstrucción de elementos 
microstructurales, testeado en un componente de aleación de titanio Ti-17.
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Chapter 1

Introduction to the Thesis

1.1 Introduction
The civil aviation industry is a very complex business that is always in constant evolution
and change. This means that a great variety of variables such as political, economic, social
and legal, that can influence the industry’s business growth and stability. Therefore,
the aerospace industry has to be very versatile and adaptive in terms of designs and
production capabilities to cope with global trends, environmental regulations and safety
certifications.

As titanium is a strategic metal in the aerospace industry, the new designs and trends
also affect the demand and design of critical titanium alloy components. Therefore,
research in titanium alloys is key for the aerospace sector, which is the largest consumer
of titanium mill products. Today, as an example, 63% of the titanium mill products are
used exclusively for the aerospace industry and from this, 73% are employed to produce
civil airframes and gas and turbine engines [1].

Titanium alloys are used due to their superior combination of high strength and low
weight ratios, which makes this material excellent for aerospace applications. For exam-
ple, titanium’s density is 4.5 g/cm3 while steel’s is 7.8 g/cm3. This means significant
weight reductions in the aerospace industry when used titanium versus steels of more
than 40%.

Moreover, the use of titanium in aircraft design has increased in the past years and
continues to be the fastest growing metal in the aerospace sector. For example, the Airbus
supply-chain consumes 50 tonnes of titanium per working day [2].

The use of titanium in aircraft has increased in the past decade. This is clear when
comparing old designed models with new generations civil aircraft. For example, new
models such as Airbus A318 shows a higher share of titanium fly-weight than the Boeing
787. This is because of the introduction of carbon fibre reinforced panels (CFRP) in
the airframe, and their mechanical and galvanic corrosion compatibility with titanium.
This combination of materials produces lighter and stronger airframes. In Fig. 1.1 the
materials breakdown of an Airbus 350XWB is shown, with the share of titanium and
CFRP representing 2/3 of the materials in the Airbus 350XWB.

In terms of the market situation, the number of aircraft that are going to be manufac-
tured in the next decades is going to rise, this wave of new orders is pushed by the low
interest rates in a post financial crisis era, and the need of more efficient jet engines.

1
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(a)
(b)

Figure 1.1. (a) An Airbus 350XWB®, courtesy of AIRBUS S.A.S. (2016), (b)
Percentage of different materials with respect the operating empty weight (OEW), that
are used in an Airbus 350XWB, including its landing gear. Titanium share is shown in

green [3].

Airbus estimates that in 2036, more than 42,530 planes with more than 100 seats will
be in service, more than double than in 2016 (20,500). This is driven by the increase of
domestic flights in Asia-Pacific, representing more than 41% of the share of new deliv-
eries in the period 2017-2036, shifting aviation centre of gravity towards the east. This
combined with the replacement of old aircraft. Component manufacturer Arconic fore-
casts more than 41,000 aircraft over the next 20 years. This will result approximately in
an increase of 100% of the number of civil aircrafts flying today [4], this can be seen in
Fig. 1.2.

Figure 1.2. Number of aircraft with more than 100 passengers in 2017, Airbus GMF
2018 forecast for 2037 and total number of aircraft to be manufactured in that period

(new deliveries and replacing aircraft) [5].

These data agree with the planned steady increase of an average of 6.3% in Revenue
Passenger Kilometres (RPK) per year [5]
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The industry response to this economic situation is the release of new models like
A320neo, A330neo, A350 XWB, 777X, 737 MAX or 787 Dreamliner [4].

Moreover, global military and defence expenditure is rising again, and the need for
more advanced defence systems and aircraft has also a great impact. For example, the
F-35 Raptor has twice as much titanium in the airframe than previous generations like
the F-18 Hornet [4]. Evolution of the world military expenditure in the period 1998-2017
is shown in Fig. 1.3.

Figure 1.3. (a) Historic evolution of the world military expenditure (1998-2017). Data
from Stockholm International Peace Research Institute (SIPRI) [6], (b) Percentage of
titanium in the structural weight of selected military aircraft as a function of their

structural weight [7].

All this, will lead to an increase of the demand of aircraft engines, which are expected be
more efficient and comply with the restrictive environmental regulations like emissions [8]
and noise [9] [10], pushing engine materials and their manufacturing processes to the limit.

Expanding the knowledge within this field is also important for improving the efficiency
of jet engines, based on higher bypass ratios, higher pressures and higher combustion
temperatures. Providing the certainty that these components will last longer, reducing
its downtime for revision, provides an inestimable market and technological advantage
against competitors. These business requirements are also aligned with the objective of
designing and manufacturing more environmentally friendly and safer jet engines.

However, this research is not driven only by economics. It is important to understand
how the components work to push the materials and designs to the limit. However, other
very important variable, if not the most important, is safety. It is necessary to understand
the mechanisms and situations that influence jet engine discs′ failure. By researching
in these titanium alloys and their manufacturing processes critical components can be
designed and manufactured with extended life, drastically reducing the probability of
failure.

The number of failures experienced in jet engine critical components such as compressor
or turbine discs have reduced with time. This is thanks to new design and new materials
enabled by intensive research in this field.
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Fig. 1.4 shows the historic number of accidents per one million flights since 1977 to
2017. It is important to highlight the reduction of accidents in the last 40 years, with a
contraction of more than 93%. This is the result of applying new technologies developed
for materials and designs, as well as, a more restrict and tight regulations for the civil
aerospace industry.

Figure 1.4. Historic evolution of airliner accidents per 1 million flights in the period
1977-2017 [11].

One of the most catastrophic events of a titanium compressor (manufactured in 1971)
disc failure is one occurred in July 19, 1989 in one of the two CF6-6D mounted in a
DC-10-10. From 296 passengers and crew members, 111 people were fatally injured, 47
serious injuries and 125 minor injuries. The failure resulted in the damage of the hydraulic
systems and fuselage. Analysis of the fracture showed the existence of a fatigue crack
large enough to produce failure of the component under normal design loads. The crack
had developed from a previously undetected metallurgical defect in a critical area of the
component. [12]. The reconstruction of the failed disc with blades is shown in Fig. 1.5.

Figure 1.5. (a) Stage 1 of the engine number 2 (Reconstructed with blades) failed in a
CF6-6D engine mounted in a Unted Airlines Flight 232 (Mc Donnell Douglas DC-10-10),

(b) Revision history and shop visits of the aircraft since its entry into service [13].
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(a) (b)

Figure 1.6. (a) Photograph of disc failure on a General Electric (GE) CF6-80A in the
2006 accident [14], (b) collected parts of the broken disc GE CF6-80C2B6 in the 2016

accident [15].

This example shows that, in the past, even with the most restrictive regulations at the
time, fatal failures with catastrophic consequences could happen. However, the manu-
facturing techniques improved significantly and new methods for inspection and designs
have evolved during the last couple of decades.

Even though the industry, science and inspection techniques have advanced a lot since
the last decades of the 20th century, cases of disc failures still occur. These are examples
that show that failure mechanisms, and its correlation with manufacturing processes, are
not completely understood, and the consequences of this failures can be catastrophic.

Three recent examples are summarised below that show that research in these materials
and manufacturing processes are necessary to understand the failure mechanisms, which
ultimately will prevent such failures in the future:

First in 2006, a Boeing 767-220(ER) mounting two General Electric (GE) CF6-80A
experienced an uncontained failure in one of the engines during a high-power test, after
the pilot requested the revision of the engine due to lower power output during flight.
A high pressure turbine disc from stage number 1 failed during the test at Los Angeles
International Airport (LAX) [14], as shown in Fig. 1.6 (a).

A second example is the uncontained Trent 900 engine failure that occurred during
flight, in November 2010 in an Airbus A380-842. Due to a spillage of atomized oil from
a cracked oil feed pipe, the intermediate pressure turbine disc and its drive shaft sep-
arated. This lead to much greater forces on the disc than those considered during the
design stage, resulting in its failure. This uncontained failure damaged the structure,
the hydraulic system and electronic controls, causing fuel leakages [16]. Damages on the
engine and avionics and hydraulic systems were reported. A photograph of the engine
after the accident is shown in Fig. 1.7
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Figure 1.7. Photograph of rngine damage in a Trent 900 mounted in an Airbus
A380-842 part of the Qantas airline fleet. [16].

Finally, one of the most recent examples of disc failures occurred in October 2016 in
a GE CF6-80C2B6 engine mounted in a Boeing 767-300. The failure occurred during
the full power stage during take-off. The plane was on the runaway when the failure
occurred. In this accident, one major and 20 minor injuries were registered. Parts of
the compressor disc appeared more than 450 m apart from the aircraft [15] as shown in
Fig. 1.6 (b).

Therefore it is important to develop a deep understanding of the effect of forging and
machining on the surface integrity and performance of such safety critical components
such as compressor discs.

As a summary, the rise of orders for new aircraft, the projected increase of airline
traffic in the world and the need of more efficient and advanced engines to comply with
the strict environmental regulations imposed for air traffic, will push the design and the
materials to the limit.

1.2 Industrial Context

Rolls-Royce is one of the world leading industrial technology companies among different
strategic sectors such as aerospace civil and defence, nuclear, marine and power systems.
The revenue share between these areas is shown in Fig. 1.8.
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Figure 1.8. Rolls-Royce revenue share per different types of business in which the
company is divided in 2007. [17].

With more than 49000 employees and presence all over the world, near 50% of the
employees work in Rolls-Royce civil aerospace sector making it the most important com-
pany’s division in terms of employability and revenue share, as shown in Fig. 1.8. Rolls-
Royce civil aerospace, is one of the most important jet engine manufacturers in the world
with more than 13000 engines installed serving to more than 35 different types of aircraft.
Examples of aircraft powered by Rolls-Royce engines range from the iconic Boeing 747
(Rolls-Royce RB211) to the newest designed aircraft such as the Airbus380 (Trent 900),
the Boeing 787 Dreamliner (Trent 1000) or the Airbus 350XWB (Trent XWB).

Nowadays, jet engines used in the civil aerospace sector consist of approximately 40%
titanium components [18], predominantly at the front end. Therefore, it is in the interest
of Rolls-Royce to study and research in this field, in order to make more efficient engines,
comply with the environmental and noise regulations and reduce manufacturing costs.

As shown in Fig. 1.9, 47% of the manufacturing cost of a titanium component, con-
sidering form the rutile extraction until the component is finished, is expend in the the
thermomechanical processing stage. In the case of titanium jet engine components, the
thermomechanical processes are primary and secondary forging stages forging.

Figure 1.9. Cost breackdown of titanium alloy mill produced components prior to
machining [19].
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It is in the interest of a company like Rolls-Royce to reduce the component production
cost. Table 1.1 shows the potential cost-saving technologies involved during titanium
manufacturing.

Table 1.1. Potential cost saving technologies for production of titanium alloy
components [7], with machining technologies highlighted in bold.

Potential of Emerging Cost-Saving Technologies
Category Technology Time Frame Feasibility Cost Savings

Improved extraction
and refinement FFC Process Mid Low Low

Cambridge Process Mid Low Low
Hydride-dehydride Near Mid Low

Powder Metallurgy
HIP Casting Long High High

Mill Product P/M Long High Mid
Near-net-shape P/M Long Mid High

Single-Melt Process
HIP Casting Long High High

Solid freeform fabrication
Solid freeform fabrication Mid Mid Mid

Improved Machining
Various Near High High

According to Table 1.1 [7], the most promising research that will have high impact
in the economics of manufacturing titanium components is improvements to machining
technologies. It is key to mention that in terms of the research time frame, researching
in titanium machining technology will show a great impact in a relatively short period of
time, contrasting against other titanium related research fields.

Therefore, machining can be considered as the critical production process, because of its
cost, and its great influence in the final mechanical properties, geometry and tolerances of
the final component. That is why companies like Rolls-Royce spend hundreds of millions
of pounds per year to manufacture aerospace components. Moreover, the materials science
regarding machining processes understanding interactions and mechanisms for titanium
alloys has not advanced at the same rate as insert design technology focused in tool life.

From the point of view of productivity, machining can be also considered a bottleneck.
Long periods of time are needed to machine titanium down to specifications due to its
poor machinability. This is also a wasteful process with buy-to-fly ratios of 10:1 [20] or
20:1 [7], which means that only 5-10% of the original titanium forging forms the final
component, with the remainder turned to swarf.

Rolls-Royce not only tries to maximise the quality of their engines using very strict
standards and manufacturing processes. As a company, productivity is key to cope with
customer’s demand, in this case the plane manufacturing demand, such Airbus or Boeing
which demand is linked to airlines contracts and number of passengers.

However, due to the high complexity and strict tolerances of the titanium jet engine
aerospace components, this bottleneck is even tighter.

This is shown in Fig. 1.10.
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Figure 1.10. Most suitable regions for using different titanium processes as a function
of the number of parts procuced and the complexity of the component. [21].

As an example, the production rate of the aircraft Airbus 350XWB has ramped up in
2017 to 78, which is an increase of 60% with respect to 2016 [2].

Rolls-Royce has continued to ramp up production to meet customer demand for the
A350 (And therefore the new Trent XWB) and now assembles the engine in both Derby,
UK and Dahlewitz, Germany, with the ability to deliver one new Trent XWB engine
every day of the week, at peak levels.

This is a great example of how the business case is being faced by Rolls-Royce. As the
productivity is not high enough in a centre, due to the machining technology limitations,
it is necessary to make huge investments to meet customers demand in a very short period
of time.

1.3 Industrial Requirements: Aims and Objectives

The research presented in this thesis is focused in studying the effects of the texture
induced during forging and machining in the fatigue in titanium critical aerospace com-
ponent life.

The titanium alloy used in this study is Ti-6Al-2Sn-4Zr-6Mo commonly known as Ti-
6246. It is used by Rolls-Royce in the intermediate pressure (IP) stage of their new Trent
XWB engine.Fig. 1.11 shows a Trent XWB engine installed in an Airbus 350XWB and
Fig. 1.12 the location of the intermediate pressure compressor discs within the engine.
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Figure 1.11. Trent XWB engine mounted in a Airbus 350XWB delivered to Qatar
Airways. Courtesy of Rolls-Royce.

Figure 1.12. Relative location of the intermediate pressure compressor disc made of
Ti-6246 under study, within the Trent XWB engine. Courtesy of Rolls-Royce.

A summary of the industrial requirements and objectives for this project are sum-
marised below.

• To understand the effect of the texture fingerprint induced during the primary
forging, and how this affects the fatigue performance and crack propagation of
these components.

• To study the surface and sub-surface effects and defects induced by the finishing
machining stage.

• Develop a faster and cheaper technique to assess the effect of machining which will
reduce time in the research feedback loop, and enable the implementation of new
machining processes on the production line more rapidly.

• Understand the effects of pushing the machinability envelope of Ti-6Al-2Sn-4Zr-
6Mo to increase the material removal rate (MRR) and therefore reduce the ma-
chining time of this type of components, in order to increase their production rate.

• Develop the knowledge to assess machining processes in the production line in a
more efficient way. Rewrite the quality standard and procedures for this compo-
nents manufatured at Rolls-Royce facilities.
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Figure 1.13. Flow chart showing the general steps to manufacture aerospace titanium
components and the effects that are associated with each step.

1.4 Research Plan and Experiments
This research work and programme was conducted within the Centre for Doctoral Train-
ing in Advanced Metallic Systems. The academic part was within the Department of
Materials Science and Engineering of the University of Sheffield and the School of Mate-
rials of the University of Manchester.

The industrial part was carried out in partnership with Rolls-Royce and the Advanced
Manufacturing Research Centre (AMRC).

The vast majority of all the tests and analysis performed during this research, can
be divided in 3 main points. All of them are intrinsically related, however, due to the
complexity of the tests, it is necessary to separate them in different categories.

1. Study the primary forging texture fingerprint developed in the billet cross section
and its effects on Ti-6246 fatigue life.
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2. Develop an efficient small scale technique to assess machining damage, fatigue per-
formance, machinability and texture influence of titanium alloys used in critical
aerospace components.

3. Compare the results of the small scale technique with Ti-6246 material machined
at Rolls-Royce facilities.

4. Analyse the results and use the knowledge to help redefine the Rolls-Royce machin-
ing standards for critical aerospace components.

1.5 Thesis Outline
• Chapter 2: Literature Review

• Chapter 3: Methodology

• Chapter 4: The Effect of Forging Texture and Machining Parameters on
the Fatigue Performance of Titanium Alloy Disc Components

• Chapter 5: Replication of small scale face turning operation

• Chapter 6: Rolls-Royce machining trials

• Chapter 7: In-Line Analysis of Cutting Forces for Microstructure, Ma-
terial Characterisation and Component Validation

• Chapter 8: Future Work

• References
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Chapter 2

Literature Review

2.1 Introduction

2.2 Titanium Applications

Although this research work is focused on titanium alloys for aerospace applications, it
is important to address that titanium alloys are also widely used in other industries and
sectors. However, the permeability of titanium alloys into other applications is mainly
mandated not for its properties but because of the high unitary cost of this material,
which makes it less competitive in certain cases for other applications.

The automotive industry is one such sector which would benefit from the use of titanium
alloys for engine and suspension. Yet, because of the unitary cost of titanium against steel,
the main companies that design and manufacture titanium parts are the high-end sport
performance brands. In these cases, the improvement in performance and specifically,
lower density, compensates the higher cost for titanium.

However, technological advantages in the materials processing field help bring these
advantages towards lower end models and high volume manufacture vehicles. As an
example, the suspension springs of the 2001 VW Lupo FSI were made of TIMETAL
LCB (Ti-4.5 Fe-6.8 Mo-1.5 Al) [22]. This made possible replace the standard steel spring
coil (1045 Kg) with a titanium one (625 g) with the saving of 420g per spring replaced
Fig. 2.1.

Figure 2.1. VW Lupo FSI rear axle steel coil (left) and titanium coil (right) [23].

13
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Biomedical applicationssuch as hip joints, are also an important niche for titanium
alloys because of superior mechanical properties and better bio-compatibility and corro-
sion resistance than other candidates such as stainless steel or Co-Cr alloys, specifically
against body fluids. It also shows a much similar young’s modulus to bone structures
compared to steels.

The architectural field has been also another opportunity for titanium to expand its us-
age. Although it is not a cost effective solution for structural applications when compared
against steel, titanium alloys, due to its corrosion resistance, anodisation capabilities and
colour, can be used as a aesthetic solution used by architects to design their buildings.
As an example, the Guggenheim museum in Bilbao (Spain), designed by Frank O. Gehry
(see Fig. 2.2)uses Titanium alloyed with Zinc [24] to create the visual and colour effects
on the building´s façade. The installed plates are 0.3 mm thick.

(a)

(b)

Figure 2.2. Guggenheim Museum in Bilbao (Spain) where titanium-zinc alloys are
used as part of the architectural design. A five year old me to scale (1998-1999)

2.3 Pure Titanium

Titanium is the fourth most common and abundant metal, accounting for 0.6% of the
Earth’s crust [25]. However, it is not found as a pure metal but as oxides.

Titanium oxide, also known as titania (TiO2) and also as (Ti2O3) can be found in
different molecular packing. These polymorphs are called Rutile, Anatase, Brookite and
Ilmenite (FeTiO3). This last one accounts for 90% of Earth’s titanium. Their structures
can be seen in Fig. 2.3.
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Figure 2.3. Crystallographic arrangement for titanium oxides and titanium iron
oxides.

In terms of use of these products, it is important to say that even though the titanium
metal industry is very important and strategic, 95% of elemental titanium is used as
oxides. They are mainly used for whiteners and pigments in paints, paper, rubber and
plastics. Only 5% of all the titanium oxides are further refined into pure titanium metal
[26].

This is because of the high affinity of titanium for oxygen, which makes it very energy
intensive to extract and process it. For example, the technology for refining titanium
needs specific control of vacuum and/or inert atmospheres. Therefore, the unitary cost
of titanium is high. In Table 2.1 it can be seen the differences in cost for refining, ingot
and sheet forming of steel, aluminium and titanium.

Table 2.1. Cost comparison between different metals and production stages. Prices
estimated in U.S. dollars per cubic inch and normalised to aluminium cost [7]

Process cost comparison between different metals
Production Stage Steel Aluminium Titanium
Metal Refining 0.4 1.0 5.0
Ingot Forming 0.6 1.0 10.7
Sheet Forming 0.6 1.0 18

However, titanium’s excellent properties such as a high strength to weight ratio and
corrosion resistance, make this material important for industries where weight saving
or high corrosion resistance are critical. A comparison between important properties
between titanium and similar structural materials are shown in Table 2.2.

Table 2.2. Comparison of important properties and characteristics of Titanium with
other metals such as iron, nickel and aluminium [25].

Ti Fe Ni Al
Melting Temperature (oC) 1670 1538 1455 660

Allotropic Transformation (oC) β
882C−−−→ α γ

912C−−−→ α - -
Crystallographic Transformation BCC → HEX FCC → BCC FCC FCC
Young’s Modulus (E@RT ) (GPa) 115 215 200 72

Yield Stress (σys) (MPa) 1000 1000 1000 500
Density (g/cm3) 4.5 7.9 8.9 2.7

Comparative Corrosion Resistance Very High Low Medium High
Comparative Reactivity with (O2) Very High Low Low High

Comparative Price Very High Low High Medium
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One of the intrinsic physical properties of titanium is that it is allotropic in nature.
This means that depending on the temperature and pressure conditions, titanium atoms
can arrange in different crystallographic geometries. These two types of arrangements
are called α and β phase, being hexagonal closed packing (HCP) and body centre cubic
(BCC) respectively. The crystallographic structures of both phases are shown in Fig. 2.4.

Figure 2.4. Crystallographic structures of HCP alpha (α) titanium (Left) and BCC
beta (β) titanium (Right) [25], main slip planes are highlighted.

The values of c and a for the α phase (HCP) at room temperature are 0.468 nm and
0.295 nm respectively. These gives a c/a ratio of 1.5864. This ratio can be modified
depending on the alloying elements that fit in their interstitials. This ratio is around
2.8% smaller than 1.633, the ideal ratio for the closed packed structure.

For the α phase, there are three important planes with their own terminology. These
are planes with the highest density of atoms. The basal plane is defined by (0 0 0 2),
the prismatic planes are defined by the family {1 0 1 0} and the pyramidal ones {1 0 1 1}.
These planes are highlighted in Fig. 2.4.

However, the β phase shows a simpler crystal BCC structure. Its lattice parameter
a (a1 = a2 = a3) has a value of 0.332 nm at a temperature of 900oC. It is important
to mention that this phase only occurs at higher temperatures than 882oC for pure
titanium. This temperature is commonly known as the ”Beta transition temperature”.
For this phase, the highest packed directions are the family with the indices ⟨1 1 2 0⟩.

The most interesting properties of titanium are determined by its HCP phase, because
its mechanical properties depend on the angular relation between the stress and the c
axis. This is because this type of crystallographic structure has inherent anisotropy, due
to its crystallographic atomic arrangement. The variation of the Young’s modulus in the
α phase in titanium has been reported by A. Zarkades and F.R. Larson in 1970 [27].

The relationship between the crystal’s Young’s modulus and the angle between the
stress and the c axis is shown in Fig. 2.5.
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Figure 2.5. Variation of Young’s Modulus (E) in titanium HCP crystals as a function
of the angle between c and the stress direction (Declination Angle). [27].

2.4 Alloy Classification

To enhance the mechanical properties of commercially pure titanium (CP) and take
advantage of its allotropic nature, titanium is alloyed with different elemental stabilisers,
producing a very versatile set of titanium alloys.

Titanium alloys have historically been classified in three main groups: α, α + β and
β, although for a more exact classification, intermediate groups like near α and near β
alloys. This classification is based on the percentage of each phase (or phases) that are
presented at room temperature. Their final microstructure and mechanical properties
are dependent on their chemistry and processing route.

A very condensed way of representing the phase diagram of all these types of titanium
alloys is the pseudo phase diagram, shown in Fig. 2.6.
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Figure 2.6. Pseudo-phase diagram for titanium alloys with respect to transformation
temperature as a result of wt% of phase stabilisers [28] [29].

As alloy compositions shift to the far right right of the diagram, the β phase is more
stable, and therefore, the phase boundary between β and α + β decreases with the
addition of more beta stabilisers. The same principle is applied to the separation between
the α and the α + β region.

To tailor the mechanical properties of titanium it is necessary to add alloy elements
to get the desired mechanical behaviour. Choosing the right alloy elements is not only
important for further processing of the alloy, but it defines the Young’s Modulus of the
alloy, which is mainly dependent on the initial chemistry.

A schematic of how the pseudo phase diagram is modified by the alloy addition of
certain elements is depicted in Fig. 2.7.

Figure 2.7. Modification of the pseudo phase diagram of titanium alloys as a function
of the alloys elements used and its effects [28].
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In Table 2.3 are listed the effects of the main titanium alloying elements and their
usual percentage use (Table 2.3). Moreover, other non-metallic elements that are also
considered, such as oxygen and nitrogen, have strong α stabiliser effects in the final alloy.

Table 2.3. Ranges and effects of alloying elements used for titanium alloys [29]

Alloying Element Approximate Range (%) Effect on structure
Aluminium 2-7 α stabiliser

Tin 2-6 α stabiliser
Vanadium 2-20 β stabiliser

Molybdenum 2-20 β stabiliser
Chromium 2-12 β stabiliser
Copper 2-6 β stabiliser

Zirconium 2-8 α and β stabiliser

2.4.1 Alpha and Near Alpha Titanium Alloys
Alpha titanium alloys are commonly alloyed with elements that stabilise the α phase.
The most important alpha stabilisers are aluminium and oxygen although carbon and
nitrogen also provide a similar effect. Increasing the content of these elements increases
the beta transus temperature, expanding the alpha phase field towards higher temper-
atures. Aluminium is the most important alpha stabiliser because it shows great levels
of solubility within the HCP and BCC phases in titanium. It acts as a substitutional
element within the atomic crystal structure of titanium. On the other hand, oxygen is
used to increase the strength of the alloy, because it locates as an interstitial element
within the crystal structure. Other elements can be also used for stabilising the alpha
phase at higher temperatures (Ge,Ga or B), but due to the low solubility and its cost,
aluminium and oxygen are the preferred options. Commercially pure titanium (CP-Ti)
is also considered part of these group.

The main characteristics of the mechanical properties of this group are low tensile
stress, good weldability and excellent corrosion resistance. These properties can be en-
hanced by adding elements like aluminium as solution strengtheners. Normally, this type
of alloy is heated above their β-transus temperature to produce a solid solution, then
quenching is applied to create a super saturated solid solution within the alpha phase at
room temperature. Examples of alpha alloys are CP-Ti and Ti-Pd alloys.

Near alpha alloys retain some beta retain a small volume fraction of /beta at room
temperature (about 2%). Examples of near alpha alloys are Ti-6Al-2Sn-4Zr-2Mo and
Timetal® 834. The main advantage of these alloys is the widened α + β phase field,
which increases the forging processing window (∼ 950oC - 1050oC).

A percentage of the alpha that exists at room temperature in these alloys transforms
from the parent beta while the rest of it can be alpha phase that was not transformed
into beta during processing (Primary /alpha). This provides opportunities to engineer
the microstructure for creep and fatigue resistance.

Near /alpha alloys have excellent fatigue and creep resistance, and crack propagation
resistance at higher temperatures, as well as higher room temperature tensile strength
compared to alpha alloys. These characteristics, make these alloys suitable for use in very
oxidising and high temperature environments such as the high temperature compressor
stage of the jet engines.
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2.4.2 Alpha + Beta titanium alloys
Alpha + beta alloys are the most common group of titanium alloys used worldwide.
They combine properties that are characteristics of alpha and beta alloys. Typical alloy
elements of this group are aluminium, vanadium, molybdenum, iron and silicon. The
elements in this type of alloys tend to be balanced between α and β stabilisers. The
flagship alloy of this group is Ti-6Al-4V (Ti-64). The great advantage of alpha + beta
alloys is that a range of different microstructures can be developed through different
thermomechanical steps and processes. This makes their mechanical properties very
tailorable. Other examples of alpha + beta alloys Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-6V-
2Sn.

These alloys show also a lower beta transition temperature than near alpha alloys, so
when such alloys are processed above the beta transus temperature, the energy needed
is slightly lower. Moreover, if processed in the α + β regime, the amount of beta formed
at lower temperatures is larger compared to standard alpha or near alpha alloys. Hence,
while heat treated, this group of alloys can retain significant beta phase even at room
temperature. The retained beta at lower temperatures, opens the possibility of increasing
the strength of these allows via solution strengthening + ageing.

Ti-6Al-4V tends to retain their mechanical properties to relatively high temperatures
(≈ 300o) while still showing excellent corrosion and chemical resistant in harsh environ-
ments. As an example, Ti-6246 is used for the intermediate pressure compressor discs in
jet engines, where temperatures can be higher than 450oC.

2.4.3 Near Beta and Beta titanium alloys
Near beta and beta titanium alloys are the titanium alloys group that retain a larger
percentage of β phase at room temperature after the thermomechanical processing at
room temperature.

The highest strength can be generated in near β alloys due to the precipitation mech-
anisms of the fine scale alpha phase within the beta matrix. The aerospace industry
use such alloys in large structural components like landing gears in the new Boeing 787
(Ti-5553) and helicopter rotor hubs. Another important metastable beta alloy is Ti-
10V-2Fe-3Al used in the landing gear of the new Trent XWB, as well as, in the C-17
(McDonnell Douglas) [30].

The distinction between the beta rich α + β alloys and the near β alloys is not clear in
the literature. As an example, Ti-6246 is generally considered an α + β alloy (e.g.Timet
classification Ti 473 (Ti-6246) [31]), but sometimes because it is closer to the near β
region, it can be also considered as a near β alloy [32].

One of the main advantages of the beta alloys is the excellent formability that they show
compared to the other titanium alloy groups, as well as, its high strength and fracture
toughness. This arises from a higher concentration of beta phase. This BCC structure
shows more slip systems than the α HCP structure, which means that lower forces are
needed for identical shape changes. The same principle can be used for explaining its
better ductility and toughness. However, they have limited creep resistance making
them non-competitive for high temperature applications. These alloys also show a higher
density than the rest of the titanium alloy families, as typical β stabilising elements are
mainly vanadium, molybdenum and iron and chromium. These three elements are the
most beta stabilising elements that can be used. A sufficient concentration of any of them
can stabilise β at room temperature.
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2.4.4 Ti-6246
The alloy used in this study was Ti-6Al-2Sn-4Zr-6Mo (Ti-6246). It was designed around
1966, to combine the mechanical properties at high temperature in the long term of Ti-
6Al-2Sn-4Zr-2Mo-0.08Si (Ti-6242S) with the mechanical properties of a fully hardened
alpha + beta alloy, like short term strength [33] [34].

Table 2.4 describes the chemical composition of Ti-6246 in wt %.

Table 2.4. Chemical composition for Ti-6246 [35] [31]..

C N Fe O Al Sn Zr Mo H
Min - - - - 5.5 1.75 3.5 5.5 -
Max 0.04 0.04 0.15 0.5 6.5 2.25 4.5 6.5 0.0125

Molybdenum and zirconium are beta stabilisers elements [36], where molybdenum is the
one that shows stronger effects. The effects of molybdenum for this alloy was studied by
Banerjee et al. [37], by analysing the effects of molybdenum in the plasticity of equiaxed
alpha, which plays an important role in defining the yield stress of bimodal structure
alloys.

In this case, aluminium, zirconium and tin are used as alpha stabilisers [38] which are
also mainly used for increasing the ultimate tensile strength (UTS) of the alloy. The
minimum standardised mechanical properties of this alloy are shown in Table 2.5.

Table 2.5. Minimum tensile properties for Ti-6246
forming products based on AMS 4981 [35] [31].

Minimum Tensile Properties Ti-6246
AMS 4981 TIMET

UTS (MPa) 1172 1201
Yiield Strength (MPa) 1103 1049

These data is also in accordance with Hemery et al. [39] work, where the mechanical
properties of Ti-6246 were assessed. Shown in Fig. 2.8.

Figure 2.8. Comparison of the engineering stress of Ti-6246 and Ti-6242 alloys tested
at a ε̇ = 10−4 s−1. [39]

.
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Apart from its excellent mechanical properties, this alloy also shows remarkable dwell
fatigue resistance. That is why this alloy is used in intermediate pressure compressor
disks for civil jet engines, as it is able to operate up to temperatures of 450oC [40] [41].
These environments can be highly corrosive due to the high reactivity of titanium at high
temperatures. The work carried out by Evans et al., [42], studies the corrosion resistance
of Ti-6426 in high temperature jet engine components such as blades and compressor
discs. Other study, carried out by Joseph et al. [43] investigates the cracking mechanisms
that affect Ti-6246 in contact with saline solution (0.1 g of NaCl / 100 ml of deionised
water). The flat test pieces analysed in this work were subjected to a tension of 520MPa
(σ < σys) and tested 24,60,250 and 350 hours, at 350 and 450 C. It was discovered that the
longer the exposure time and the higher the testing temperature, the faster and longer
the cracks were developed. The developed cracks appeared next to the salt particles
that remained in the tension surface after the ionised water in the solution evaporated.
This behaviour is influenced by the pyro-hydrolysis that occurs in high salt concentration
environments. This added to the creation of compounds between Na and Cl with the
alloying elements of the alloy, leading to an outward diffusion of Al, Zr and Mo that
creates even more oxide compounds on the free surface.

Although it is stated in this work that a high salt concentration environment is very
unlikely to happen in an aircraft engine, understanding the failure mechanisms on this
alloy is key to maintain the maximum quality of the aircraft designed components.

The temperature range of Ti-6246 and development year is plotted in Fig. 2.9.

Figure 2.9. Temperature range and development year of some titanium alloys with
Ti-6246 highlighted. (adapted from [44])

.
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As stated before, Ti-6246 alloys was developed to improve dwell fatigue resistance of
alloys like Ti-6242S. The mechanisms for this improvement are described by Zheng et al.,
studying the reason of the same response of both alloys against non-well dwell loading,
but their difference response to dwell loading [45]. Experimental results collected through
the literature by Zengh et al. from [46] and [47] show the effect of adding molybdenum
to Ti-624X type of alloys with molybdenum content X[2-6] in the dwell fatigue life debit.
This debit is calculated as the ratio between the fatigue life of low-cycle fatigue and that
of low-cycle dwell fatigue loading. Shown in Fig. 2.10.

Figure 2.10. Effect of molybdenum percentage in Ti-624X group of alloys in the dwell
fatigue life debit [45]

.

Qiu et al. determine that these differences in dwell fatigue behaviour are strongly
related to the effect of Mo. This addition primarily reduces the β transus temperature,
gradually increasing the α lath variant selection from single to multiple, during the β
to α transformation. Molybdenum addition also reduces diffusion and grain growth,
with the considerable effect in the reduction of final size of the α phase and its inherent
microtexture intensity.

Although dwell fatigue failure mechanisms are associated with the stress distribution
between ”soft” to ”hard” regions, the reduction in size of this grains, or structural size
units affected by the molybdenum content are crucial to block, or drastically reduce the
effect of the stress redistribution ultimately generating the crack initiation points that
lead to dwell fatigue failure.

Within the soft-hard model, the main differences in behaviour between Ti-6242 and Ti-
6246 lay in the difference of the slip band spacing, which is inherently related with grain
size, producing a more homogeneous dislocation nucleation distribution and a overall
lower accumulated strain [47].
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Moreover, for Ti-6246 to even reduce the dwell fatigue effects, a faster cooling rate that
develops a basketweave microstructure that reduces even further the microtexture effects
is the optimal combination of alloy elements and final microstructure for compressor disc
material. However, if the components have much thicker geometries, achieving this type
of microstructure will not be possible.

In the case of Aluminium, it is used in titanium alloys as an alpha stabiliser, and
it reduces the density of the alloy, while enhancing its mechanical properties, such as
strength [48]. This promotes the HCP allotropic form, against the BCC crystal struc-
ture, which due to its lower diffusion coefficient, denser packed structure and its limited
deformation capabilities in comparison with BCC crystal structures, produces an alloy
that shows higher strength and lower ductility, while increasing creep and oxidation re-
sistance [49].

Zirconium used in titanium based alloys has been studied since the early days of ti-
tanium alloy development [50]. Another effect of using this alloy is the increase of the
hardness of the alloy [51]. Zirconium as well as tin, also work to strengthen the alpha
phase of the alloy.

Molybdenum is an alloy addition that strengthens and stabilises the β phase while tin
is normally considered a neutral element.

2.5 Beta (β) to alpha (α) transformation

As explained before, pure titanium and titanium alloys show allotropy (Fig. 2.4). This
opens great possibilities for tailoring the final microstructure and mechanical properties.
However, it is important to understand the change in crystal structure from BCC β to
HCP α, to know further microstructural effects such as texture development.

This BCC → HCP crystal structure occurs when cooling down titanium alloys from
temperatures over β transus and then cooled down through the α-β region until room
temperature where α is the stable crystal structure.

This step is quite important for texture development, because the orientation induced
from the BCC crystals will be critical for the HCP crystal formation and therefore, the
final component behaviour under loading.

This orientation relationship between both crystal structures is called Burgers rela-
tionship, and was reported by W.G. Burgers and F.M. Jacobs in 1933 while studying
zirconium [52]. This relationship defines that the c axis of the HCP crystal developed
from the initial BCC crystal structure is perpendicular to the {1 0 1} plane, which means
that the (0 0 0 1)α is parallel to (1 0 1)β. This is shown in Fig. 2.11.
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(a)

(b)

Figure 2.11. Burgers orientation relationship between the β BCC and α HCP
crystallographic structures [53] and [54] (a) and the orientation relationship between the

BCC and HCP crystals (b).

In the literature this crystallographic relationship is generally reported as shown as
below.

(0 0 0 1)HCP ||(0 1 1)BCC (2.1)

[1 1 2 0]HCP ||(1 1 1)BCC (2.2)
However, there are 12 different variants that can be developed from the initial BCC

crystal. This is because there are six {1 1 0}β and each of these planes has two ⟨1 1 1⟩beta

which ultimately lead to 12 different variants that can be developed from each parent β
grain.

In most of the cases, not all 12 relationships are activated equally. In Fig. 2.12 two
examples of more preferential orientation relationship and less favourable preferential
transformation are shown. These examples have been extracted from unpublished work
in neighbouring prior beta grains subjected to identical thermomechanical processing.
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(a) Preferential HCP
directions

(b)
Initial BCC structure for (a)

(c) Non-Preferential
HCP directions

developed

(d)
Initial BCC

structure for (c)

Figure 2.12. Examples of BCC to HCP crystallographic transformation for Ti-6246 β
forged. Preferential selection of HCP crystal selection (a) and prior BCC crystal

structure (b) and less predominant HCP to BCC preferential variant selection in (c)
and (d) respectively.

This preferential orientation from the total 12 possible variants, can be influenced by
processing parameters, which play a mayor role in texture development.

Analysis of these transformations in titanium alloys was also analysed using EBSD
data of the original parent beta grain orientation and the subsequent alpha developed
structures was commented by Banerjee et al. in [44].

This is a topic that is also studied in Glavicic’s work, specifically for Ti-6246 texture
development where not only is demonstrated that the orientation of the α phase is de-
pendant on the prior β, but also that Ti-6246 shows variant selection, which means that
only few of the 12 total options develop [55].

This variant selection can be developed not only in β processed alloys but also in
α+β alloys showing duplex microstructures with globular alpha. If the cooling rate is
very slow, this variant selection can develop groups of α colonies [56] that can have
detrimental effects on mechanical properties.
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2.6 Thermomechanical Processing
Titanium alloys mechanical properties are extremely dependent on heat treatment and
processing history, this has been reported in the literature since the early years of in-
dustrial processing of titanium, and it is still a broad research field [57] [29] [58] [59].
The strain applied during forging stages, the temperature at which this stages are car-
ried out and further heat treatments, combined with the alloy elements, define the final
microstructure and therefore, the final mechanical properties . By adjusting these pro-
cessing variables it is possible to improve ductility, fracture toughness, hardness and
fatigue life. This implies that knowing and controlling the processing variables is key
to achieve the desired mechanical properties, and therefore, extensive research has been
centred in understanding the mechanisms behind the microstructural changes during all
thermomechanical processing steps.

Processing titanium above its β transus temperature, which is dependant on the tita-
nium alloy elements, dominates the first stage in order to generate the desired microstruc-
ture. Moreover, forging the material over the β-transus temperature requires different
processing parameters (such as strain and strain rate) than forging the component in the
α + β phase field. Further processing using different heat treatment routes, provides
further refinement of the microstructure by influencing variable such as the alpha lath
size and geometry.

An example of Ti-6246 microstructure development when forged at different regimes
is shown in Fig. 2.13

(a) (b)

Figure 2.13. Light micrographs showing the comparison between different
microstructures generated in Ti-6246 when forged in the α - β regime (a) and forged in

the β (b) [60].

The microstructural development during this transformation tends to follow a clear
pattern under normal circumstances. When the alloy is heated at super transus tem-
peratures, the microstructure is formed of beta grains. These grains tend to grow to
relatively large sizes, specially in very large parts, where the heating and homogenisation
time for achieving the same temperature in all locations takes long periods of time. After
that, if slowly cooled to room temperature, the alpha phase starts to nucleate when the
temperature is below the beta transus, initially at at the prior-beta grain boundaries,
creating continuous α layers. This early formed alpha displaces beta stabilising elements
towards the non transformed beta regions in the grain interiors.
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The alpha that forms at the prior beta grain boundaries acts as nucleation points for
the first alpha laths to be created perpendicularly to the boundary alpha structure. An
example of this feature found in fully Widmanstätten Ti-6246 microstructure is shown in
Fig. 2.15.

By modifying the cooling rate, and the alloy elements, while transitioning through the
the α + β region, the final microstructure can be further engineered. A faster cooling
rate promotes nucleation of the new generated alpha colonies, while suppressing growth.
This increases the density of alpha colonies nucleated, however, their size will be smaller
with faster cooling rates.

Depending on the alloying elements and processing parameters, two main groups of mi-
crostructures can be generated. Bimodal microstructures where primary untransformed
α is the disperse component within a matrix of basketweave alpha laths or, on the con-
trary, a fully basketweave Widmanstätten structure with all the α phase transformed into
fine laths. This second microstructure is generated by treating the alloy at temperatures
above the beta transus, where the α phase is fully transformed in β.

A schematic of the development of a fully lamellar microstructure while cooling form
the β region until room temperature for Ti-64 is shown in Fig. 2.14.

Figure 2.14. Schematic of alpha microstructural development for Ti-64 during cooling
operation [61] [62].
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Figure 2.15. Cross polarised micrograph of fully Ti-6246 etched titanium with prior
beta grains, alpha nucleated and grain boundary and perpendicular alpha growth

features highlighted.

2.6.1 Forging

Forging processes are key steps in developing the right mechanical properties of titanium
alloys. The initial material characteristics before forging shows a very poorly developed
microstructure from several steps of vacuum arc remelting (VAR). This means that the
initial mechanical properties are not desirable, with microstructures showing large colum-
nar grains with large regions with crystals orientated in the same direction. Research
is being carried out to understand the development of this microstructures and to de-
sign better methods to create titanium ingots with better initial microstructures (e.g.
VADER Vacuum Arc Double Electrode [63]). An example of the initial microstructure of
a VAR Ti-64 ingot can be seen in Fig. 2.16, with the highlighted boundary between the
most desired equiaxed grains and the characteristic columnar grains that are obtained
through VAR. These columnar grains are what is considered prior β grain that contain
Widmanstätten alpha laths.

Combined with the poor initial microstructure developed during the VAR ingot, tita-
nium is not as easily forged as other materials such as aluminium, because its inherent
resistance to deformation (flow stress) (higher σY s and low Young’s modulus), which
combined with the texture development during forging of the HCP crystals and their
anisotropy, makes this material more difficult to forge.
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Figure 2.16. Longitudinal microstructure of a titanium 64 ingot [64].

Forging processes create geometries that are closer to the final shape improving me-
chanical properties and reducing machining times. However, for titanium alloys, the main
goal of this forging processes is to refine the microstructure, prior to further refinement via
heat treatment. Forging processes are based on applying different degrees of controlled
deformation and strain to achieve this microstructural refinement.

Large strain and geometric changes occur during titanium forging processes, initial
VAR ingots can be up to 1.5 m of diameter and couple of meters tall. At the end, the
forged ingot, referred to as billet, has a standard size of 250 mm diameter, although
smaller diameters can be achieved depending on the alloy and the component manufac-
tured from that billet.

For titanium alloys, forging processes can be divided into two main groups, depending
on the temperature at which they are carried out; super-transus forging, with temper-
atures over the β transition temperature and sub-transus forging, with temperatures in
the α + β region.

Forging above the β transus temperature (β forging) takes advantage of the reduction
in flow stress of the single phase BCC β with respect to the one measured in the α HCP
crystal structure. This has been already reported in the literature by the work of Weiss
et al. [65] [66], showing the drastic reduction in flow stress in β titanium alloys when
approaching the β transus temperature. Fig. 2.17 shows the trend of the flow stress at
high temperature ranges.

This drop in flow stress is caused because the BCC crystal structure of the β phase.
This crystal structure lacks of closed packed planes and slip systems are also normally
simultaneous with a main slip system activated and easily activated secondary slip sys-
tems. This implies that the forces applied during forging are lower than in the case of α
+ β forging.
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Figure 2.17. Flow stresses of different titanium alloys at a strain of 0.5 [65].

However, this forging strain path induced during this β phase forging is applied with
the aim of improving the mechanical properties by reducing the initial β grain size,
inherited from the ingot. However, the mechanisms that induce this DRX are highly
unfavourable, and therefore compete with dynamic recovery (DRV). This is because the
high stacking fault energy of the body centred cubic � phase and the high levels of self-
diffusivity at super transus temperatures [67]. This was also demonstrated for Timetal
834 alloy by Davies [68], that analysed the microstructure and the texture development
of this titanium alloy when forged at different strain levels under the same strain rate.
(Fig. 2.18).

(a) Initial Microstructure (b) ε = 0.64 (c) ε = 1.23

Figure 2.18. Misorientation maps for the β phase field for specimens deformed at
ε̇=1.8 s−1 Light grey boundaries > 5o and black boundaries > 15o [68].
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Note that for new beta grains to form with new crystallographic orientations, large
strain levels have to be induced into the material. This is something that can be achieved
under controlled circumstances in with laboratory grade themomechanical compression
equipment and very small samples. However, it is virtually and economically impossible
to design forging presses that can apply that level of deformation in one single step for
standard VAR titanium ingot (�> 1 m). Therefore the stored energy through all the
strain induced to the component is used for dynamic recovery instead.

Another type of forging for titanium alloys which normally follows the super transus
forging is the thermomechancial process performed in the α-β region. This process tends
to start with a fully lamellar alpha structure consolidated in large groups of parent β
grains. However, processing the material in this conditions makes it less formable and
larger forces are necessary to apply similar changes in geometry compared to an equivalent
β forged process. The main aim of this forging step tends to be concentrated in breaking
down the alpha laths and further refining the microstructure. At this lower temperatures
the diffusivity levels are lower making it easier to achieve the energy levels that can
trigger α dynamic recrystallisation. By choosing the right temperature and dwell time
in such heat treatments, the exact percentage of globular alpha can be tailored as well
as the beta to alpha transformation of the remaining beta, tuning the alpha lath final
geometry. Fig. 2.19 shows a schematic graph of the different steps for thermomechanical
processing of titanium alloys via the ”conventional” process route. It specifically shows
an initial open die forging process, followed of intermediate forging and heat treatment
steps and finally a closed die forging step to create an intermediate shape closer to the
final geometry of the desired final component.

Figure 2.19. Schematic of the different steps carried out during titanium production
based on the ”conventional” processing route.
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Further down, the process enters in a series of heat treatments in the α-β phase region
where, by choosing the right processing parameters it is possible to tailor the alpha
lamellae thickness and final grain size.

Deformation Modes

Titanium’s allotropy makes the alloys very complex, due to the different crystallographic
arrangements (α and β phases).

This means that each phase has its specific deformation modes from conventional slip
dislocation to more complex modes like twinning.

The α phase is a good example of this. This phase shows ductile behaviour because
of the larger number of slip systems that can be activated (shown in Table 2.6). This
combined with the twinning deformation modes contributes to the ductility of this phase.
In total, a maximum of 12 slip systems can be found in HCP crystals.

Table 2.6. Slip planes and directions in the HCP α titanium phase [25] [69] [70].

Slip systems and directions α-Ti
Slip System Type Burgers Vector Type Slip Direction Slip Plane

1 −→a ⟨1 1 2 0⟩ (0 0 0 2)
2 −→a ⟨1 1 2 0⟩ {1 0 1 0}
3 −→a ⟨1 1 2 0⟩ {1 0 1 1}
4 −→c + −→a ⟨1 1 2 3⟩ {1 1 2 2}

2.6.2 Work-hardening / work-softening

During forging, large levels of strain are induced into the forged component, and therefore
important changes in microstructure are induced during this process. Such deformations
induce in the material dislocations in the crystal structure, increasing dislocation density
in the lattice. This implies that the dislocation separation is reduced, and its repulsive
forces play a much more important role in modifying the mechanical properties. This
occurs because a higher dislocation density opposes to the movement of dislocations itself
through the crystal lattice. These mechanisms are used to enhance mechanical properties
such as ultimate tensile strength, but at the same time, decreasing the ductility of the
alloy.

The effects of work hardening can be mitigated by further heat treatments such as
annealing, where by means of heating the component, the diffusivity in the material
increases, which allows dislocations to move easier and annihilate.

In Fig. 2.20 the evolution of work hardening as a function of the cold working percentage
for three different materials is shown. Note how the yield strength and UTS increase with
the %CW but elongation and ductility are severely reduced.
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(a) (b) (c)

Figure 2.20. Evolution of σys (a), UTS (b) and elongation (c) as a function of the cold
working applied to these three materials (Brass,1040 Steel and Copper). [71].

This is a very important effect that has to be considered when performing forging
processes. Because the strain induced during this forming steps will depend on how the
material behaves when deformed. Based on the tendency of strain hardening, a compo-
nent that is forged, will harden proportionally to the strain induced to the component
and therefore the strain in the cross section of the component will be more homogeneous.

A schematic of this process is shown in Fig. 2.21. A work hardening material will
start accumulating strain and dislocations at previously deformed layers (Layer 1 in the
schematic). These layers will work harden until a point it is energetically easier deform
and work harden softer regions below (layer 2). At this moment the strain and dislocations
will be induced in the subsequent layers. This process is repeated until the cross section
is subjected to a homogeneous strain.

It is important to highlight that this is oversimplified, not taking into account geometry
differences, texture effects, element segregation, microstructural effects,...

Figure 2.21. Schematic of how work hardening and strain is allocated in a work
hardening material creating a relatively homogeneous strain field induced in the

component.
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However, titanium alloys do not behave in this way when they are subjected to hot
forging processes. Instead of work hardening when a strain is applied, the deformed layers
tend to soften, and instead of transmitting the strain towards other non deformed layers,
the deformation is concentrated in the previously deformed region. This reduction in
flow stress is shown in the work by Semiatin et al. [72], where the flow stress of Ti-64 is
measured at different true strain levels and temperatures. This is shown in Fig. 2.22

Figure 2.22. Evolution of the flow stress in Ti-64 tested at a constant ε̇=0.1 s−1 and
three temperatures (815oC,900oC and 955oC) at longitudinal (L), transverse (T) and

Short Transverse (ST) directions [72].

It is important to highlight that this flow stress depends on the type of atom arrange-
ment in the crystal lattice. In the case of titanium as a general rule, if processed in
the α + β region, the flow stress is higher than when processed above the beta transus
temperature. Temperature plays an important role on this, increasing diffusivity within
the lattice, however, the most important effect on this is the phase change. While pro-
cessed below beta transus temperatures, where HCP α is present, the number of slip
systems available is much lower than when the material is processed in its β BCC crystal
structure.

This effect is critical when forging large components under large loads, such as when
forging VAR titanium ingots into billets. This effect produces a non-linear heterogeneous
strain pattern in the cross section of the parts, because deforming the prior-strained
parts is energetically favourable than inducing strain into a less or non-strained region.
Ultimately, this can lead into differences in the microstructure, crystallographic texture
and ultimately heterogeneities in mechanical properties in a final component, because of
heterogeneous dislocation density and different levels of dynamic recovery.



36 CHAPTER 2. LITERATURE REVIEW



Chapter 3

Methodology

3.1 Electrical Discharge Machining

Electrical discharge machining, or commonly named as EDM, is a machining process that
uses electricity to obtain the desired geometry from an initial block of metal. This is a
very convenient technique to extract samples form larger components for research pur-
poses, because the sample state is not changed though the process (e.g. microstructure,
mechanical properties or strain induced). This means that the analysis carried out in that
extracted sample will be as representative as possible form the analysed component. This
contrast against other standard machined methods where material removal is carried out
via mechanical methods (such as standard milling or turning),where stresses, deformation
and damage are induced in the material, and therefore the final material characteristics
are can differ from the base material.

The specific process used in this work is wire-EDM or WEDM. A metallic wire is used
for transferring a high voltage and current towards the initial material. The initial com-
ponent is submerged in a dielectric fluid and then grounded, completing the circuit. The
wire is guided using servomotors to the desired coordinates introduced in the machine.

The process is based in a high voltage transferred via a wire which creates a voltage
difference between the workpiece and the wire (also referred in the literature as the tool).
Due to the potential difference, material is eroded from the component in the surroundings
of the wire, and therefore, samples can be extracted from the initial block of metal.

Diagrams of the machine component lay out and process schematics are shown in
Fig. 3.1.

37
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(a) (b)

Figure 3.1. Examples of diagrams of EDM machines and process. Schematic of the an
EDM machine [73] (a) and close up diagram of a Wire-EDM process with the wire

eroding a groove in the workpiece [74].

This process concentrates a large amount of energy in a localised point, and even
though the heat affected zone is minuscule (heat conductive material and surrounding
dielectric liquid), a thin recast layer is generated on the machined surface. This is why the
final tolerances achieved through this technique are not as controlled as the geometries
obtained using other standard machined methods. Moreover, the final surface condition
is not ideal, with micro-pits and cracks [73]. Research about the crystallographic charac-
teristic of the recast layer was carried out by Ahmed et al, [75] determining it is formed
by hexagonal martensitic α

′ . The thickness of this layer, also referred in the literature for
EDM as white layer, is dependant of the EDM processing parameters used. Work carried
out by Hasçalık et al. [76] shows recast layers of up to 50-60 µm. Another investigation
of this process in Ti-64 was written by Klocke et al. [77] where grinding and WEDM sur-
faces were compared under dynamic loading, and even though the recast layer was thin
(10 µm), it addresses the issue of the cracks that appear in this layer and how it affects
fatigue life. Surface roughness is another variable that will determine the final behaviour
of a component or test specimen under further dynamic loading testing, investigation of
surface modification as a function of processing parameters was performed by Manjaiah
et al. [78].

This analysis was used as a guide when making decisions in this research work, about
the surface conditions of the testing an analysed samples after being extracted using
WEDM techniques.

3.2 Fatigue test selection
One of the main points for this research is to understand the mechanical behaviour of the
material under dynamic loading. Interesting analysis about the effects of machining and
forging effects on crack initiation and propagation are studied. Hence, a suitable fatigue
test has to be selected, or designed, that accomplishes all the desired requirements for
carrying out this research.
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A typical fatigue test using cylindrical test specimen is the one described in ASTM
E606/E606M-12 [79]. This is a valid fatigue testing procedure that is widely used. How-
ever, the main problem of this test is that the specimen geometry is not suitable for
machining using standard methods such as milling. Hence, it can serve its purpose for
analysing the behaviour of the material before machining. However, assessing the effects
of standard machining procedures in fatigue life is far from convenient using this type
of testing. An example of the geometries suggested by this ASTM standard is shown in
Fig. 3.2.

Figure 3.2. Cylindrical sample geometry described in ASTM E606/E606M-12 [79].

Other ASTM standardised tests are design for analysing the crack propagation by
analysing the crack growth rates. This is the case of ASTM E647 − 15 [80], where a
specific coupon geometry is shown for controlling the exact location where the crack will
be formed. This test was also rejected because it is impossible to assess the effect of
machining with this type of sample, geometry as shown in Fig. 3.3.

Figure 3.3. Sample geometry for fatigue testing described in ASTM E647 − 15 [80].

To study the effects of standard machining conditions, requires the use of flat coupons.
During the tests the maximum bending momentum is applied to the top layer of the
coupon where the different machining processes are going to be applied. Therefore, the
crack initiation and propagation characteristics can be directly compared under the same
fatigue parameters and bending momentum.
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Flat coupons are used that can be easily machined and is is easily tunable to different
sets of parameters such as stress, force, frequency, etc. 3-point flexural tests are re-
ported by different standardisation organisations such as ISO or ASTM standards (ISO
12135:2016 or ASTM D790-03) [81]. However, none of them standardises any 3-point
bend test for fatigue crack initiation and propagation analysis, which is an important
part of this research.

Although a 3-point bend testing can be a good choice for the analysis of the features of
interests in this research, it shows some points that can influence the results. The main
important feature is that the maximum bending momentum generated by the test is only
applied right at the contact line of the middle roller. This does not allow a wider analysis
of the material and of any heterogeneities induced by the machining process.

An analysis of the shear and bending momentum diagram for a 3-point bend test is
shown in Fig. 3.4.

The bending diagram shown in Fig. 3.4 show the point at the middle of the testing
coupon where the maximum bending momentum would be applied.

(a) (b)

Figure 3.4. Schematic of the free body diagram (a) and shear and bending momentum
diagrams (b) of a standard 3-point bend test.

3.2.1 4-Point bend test

A 4-point bend testing approach was selected for testing the dynamic loading behaviour
of the analysed material. This test has certain properties that make it suitable for the
type of analysis that will be carried out in this research work.

One of its main advantages is that it uses flat specimens where the top surface can be
machined in a standard CNC machining centre, this enables the study of the effect of
different machining conditions under controlled circumstances on fatigue life.

This mechanical test is also highly tunable and versatile. Coupon geometry design,
roller position and force applied define the maximum stress applied in the top layer of
the coupon. It is also a relatively inexpensive test, where in most of the cases only a
controller, a load cell and a hydraulic cylinder are necessary to test the coupons.
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Finally and the most important advantage of this test is the possibility of applying the
maximum bending momentum in a relatively large area, compared to a 3-point bend test.
This provides insight of the different heterogeneities induced by the upstream manufac-
turing processes and the machining effects in crack initiation and propagation. Fig. 3.6
shows the free body diagram, the shear and the bending momentum diagrams for a
standard 4-point bend test.

(a) (b)

Figure 3.5. Schematic of the free body diagram (a) and shear and bending momentum
diagrams (b) of a standard 4-point bend test.

Even though there is no standardised 4-point bend test for testing machining condi-
tions, the STAR research group has developed an in-house standardised technique for
evaluating the effects of machining parameters under dynamic loading circumstances us-
ing a 4-point bend test. This technique has been used already in the literature by the
work of Cox et al [82] and [83].

A schematic distribution of the stresses applied to the top surface during a 4-point
bend test and the position of the coupon and the rollers is shown in Fig. 3.6.

(a) (b)

Figure 3.6. FEA analysis of the stress distribution on the top layers of the coupon (a)
and schematic of the roller set up used for testing with the coupon located in place (b).

If performed a parametric study of the effect of the variables in the final testing vari-
ables, it is possible to see how versatile and tunable this tests is with simple geometric
modification.
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Noting D2 as the distance between the top rollers and D1 as the distance between
the bottom rollers (D2>D1), F as the total force inputted in the machine controller and
MMax as the maximum bending momentum applied to the top surface of the coupon and
also assuming that the 4 point bend test roller position is axisymmetric, the maximum
bending momentum is defined as in Eq. (3.1). If force is inputted in Newtons and distances
in millimetres the bending momentum will be in N·mm.

MMax = FMax

2
· (D2 − D1)

2
(3.1)

A simple relationship between the bending momentum and the stress applied σ at any
point of the cross section of the specimen can be linked through the moment of inertia I
of the cross section of the test and the distance from the measured point and the neutral
fibre (c). This is shown in Eq. (3.2).

σ = Mbend

I
· c (3.2)

For calculating the maximum stress applied at the top surface it is necessary to substi-
tute the c value for the distance from the top surface to the neutral fibre and introduce
the maximum bending momentum achieved during the fatigue cycle. The moment of
inertia of the cross section can be calculated using the Huygens–Steiner theorem also
known as the parallel axis theorem.

Combining Eq. (3.1) and Eq. (3.2) it is possible to create a relationship between the
initial input variables for test design and the final stress applied to every point of he
coupon cross section.

σMax =
FMax

2 · (D2−D1)
2

I
· cT opSurface (3.3)

A schematic of the stress distribution profile in a rectangular cross section under bend-
ing momentum is depicted in Fig. 3.7. Tensile stresses are shown in green while compres-
sive ones are highlighted in red. For a negative bending momentum the higher tensile
stresses will occur at the top surface.

Figure 3.7. Stress distribution in a rectangular cross section of a coupon subjected to
a negative bending momentum.
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4-point bend test set up

The fatigue tests were carried out at room temperature in a NENE 12kN servo-hydraulic
machine controlled via a standard Moog SmarTEST One. This machine is located in the
Lea Laboratory located in the mechanical engineering department of The University of
Sheffield.

This machine was equipped with two sets of rollers that are attached to the frame
of the machine and to the moving hydraulic ram. The steel blocks have 4 roller hous-
ing each locked using M8 bolts that secure 4 SKF BK1012 needle roller bearings where
BS8734/ISO 8734 hardened steel dowel pin rollers are connected. These blocks are con-
nected to the machine using standard M16 bolts. A photograph of the steel blocks with
the rollers installed is depicted in Fig. 3.8.

Figure 3.8. Steel blocks and rollers used for performing the 4-point bend test attached
to the NENE 12kN servo-hydraulic machine.

The distances between the top rollers was set to 80 mm (D2=80 mm) and the bottom
spacing between rollers was set to 40 mm (D1=40 mm). This means that the minimum
theoretical length of a coupon is set to 80 mm. Based on the initial component from where
the samples are extracted, longer coupons can be extracted without any compromises.

Having set these two distances, further design of the test can be carried out. The
maximum tensile stress applied, which is the most important limiting factor, depends on
the thickness of the coupon and the maximum force applied through the rollers. The
objective of this test is to create surface cracks and therefore a high stress (closer to σys

is desired). With Ti-6246 reported a yield strength of around 1050 MPa ( [39] and [31]),
and this roller separation, reaching in the top surface that stress level will need less than
12 kN which is the machine limit. However, because the material to be tested is treated
as aerospace grade, it is expected to present higher values. Final calculations of the input
force on the controller will depend on coupon design geometry, which is explained in the
next section.
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3.2.2 Coupon design

The geometry of the coupon is influenced by a large number of factors. The coupons must
be flat and be able to be machined using standard CNC machining centres to replicate the
objective machining parameters on the top surface. Second, their size is also restricted
based on the initial geometry of the piece from where these coupons will be extracted,
if the geometry of the component is very convoluted, it might not be possible to extract
the coupons with a specific geometry. Finally, it is also important to consider the final
cost of the extraction process itself. Companies tend to quote such EDM’s jobs based
on the initial workpiece complexity, the shape of the extracted coupons and the distance
travelled by the wire.

Hence, based on these considerations, the final geometry of the coupon can be decided.
The length of the coupons was set to 130 mm, this gives enough extra length for the

top rollers to engage correctly with the material during bending cycles and also a larger
area for machining material. The Coupons′ width is mainly determined by the amount of
material that can be extracted from the initial workpiece. A total width is set at 19 mm,
which means that the total width for the extracted coupon is selected as 20 mm. This
is done to account for the extra material that has to be ground to remove EDM recast
layer. This means that the final dimensions of the coupon for EDM purposes is 130 x 20
mm.

Thickness is one of the most important variables to select. It does not only depend on
the initial worpiece geometry but also it will define the maximum stress applied on the
top surface by determining the ”distance to the neutral fibre” and the final moment of
inertia.

A final height of 3.6 mm was selected for the coupon design, in order to get a balance
between number of samples to be extracted and a force which is within the range provided
by the machine (< 12 kN). This rectangular cross section has a moment of inertia respect
the bending plane calculated in Eq. (3.4).

IBendingP lane = b · h3

12
= 19[mm] · (3.6[mm])3

12
= 73.872[mm4] (3.4)

However, from the point of view of materials testing it is necessary to design this
test in such a way that there is enough confidence that the cracks will initiate in the
top machined surface. In the case of a rectangular cross sections the top corners of the
coupon subjected to the maximum stress would act as stress concentrator points. This
would invalidate the test, because crack would be generated at this corners and the real
testing stress will be the one amplified in these zones by the stress concentrator corners.

Hence, a redesign of the cross section was performed, by removing the top two corner
by chamfers that generate obtuse angles at lower stress regions of the cross section (closer
to the neutral fibre) in order to avoid this stress concentration issue.

The width of the top surface is reduced from 19 to 11 mm, leaving a total machinable
surface area of 209 mm2. A schematic of the final cross section of the coupon is shown
in Fig. 3.9.
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Figure 3.9. Final cross section of the coupon with chamfers on the top surface. In red,
chamfers highlighted with dimensions, in green final cross section of the coupon. (Units

in mm).

This new cross section modifies the final moment of inertia of the coupon in the bending
plane. By using the Huygens–Steiner theorem the final moment of inertia of this cross
section is 65.917 mm4. In this case, the neutral fibre is displaced towards the bottom
of the coupon, which means that the distance from the top increases, compensating the
loss in moment of inertia. In a rectangular cross section, the top surface distance to
the neutral axis was calculated as 1.8 mm, with the chamfers in place, the new value is
calculated as 1.875 mm.

The final coupon geometry is depicted in the next schematic Fig. 3.10.

Figure 3.10. Mechanical drawing with the final dimensions of the coupon. (Units in
mm).

3.2.3 Testing parameters
With the coupon design locked down, it was then possible to set the testing variables in
order to achieve the target range of stresses on the top surface. This is a test that is
designed to be within the low cycle fatigue regime (LCF) with very high stresses applied
during each cycles within the range of the yield strength. However, due to the anisotropy
of the HCP α-phase, the mechanical response depends on the c-axis orientation of the
crystal with respect to the load direction. This effect has been reported by Zarkades et al
[27] [84], who showed the variation in Young’s modulus as a function of the angle between
applied load and HCP c-axis orientation. Moreover, α titanium has been reported as the
most anisotropic HCP crystal based on the anisotropic factor calculation in the work
carried out by Desmond [85], who analysed the mechanical anisotropy of HCP materials.
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Because these components are polycrystalline, there will be some crystals orientated
in specific directions that will locally yield and enter into the plastic regime before other
grains that are in a more resistant orientation relative to the loading axis. This system
gets even more complicated while considering that neighbouring grains interact to ac-
commodate dislocations and at the end plastic deformation. Therefore, it is not adequate
to simplify the system as a group of mono crystals arranged together.

For a simple calculation of the applied force, the values for the applied forces can be
calculated using Eq. (3.2) and the calculation from Eq. (3.5). A maximum stress is set
as 1040 MPa, very close to the 1050 MPa reported for σys, therefore it is possible to
calculate the maximum input force for the hydraulic controller.

For the selected geometry, the calculation of the applied stress is calculated as follows:

FMax[N ] = σMax[MPa]· I[mm4]
20 · 0.5[mm]

·c[mm] = 1040[MPa]·78.872[mm4]
20 · 0.5[mm]

·1.8[mm] = 4260[N ]

(3.5)
A free body diagram of a 4-point bend test using this specific parameters is shown

in Fig. 3.6. Other important testing parameters are the minimum stress applied to the
coupon and the frequency at which the maximum and minimum stresses are alternated.
As the objective of this test is measuring fatigue life and enabling the study of crack
initiation and propagation mechanisms, it is not desirable to apply a compressive stress
to the top layer so that crack tips are not closed and no compressive deformation is
applied in order to avoid fretting fatigue surfaces that might destroy evidences of key
mechanisms. Therefore a ratio value of 0.1 was selected as calculated in Eq. (3.6). This
means that the minimum stress applied during the fatigue cycle is 104 MPa and the
minimum force FMin of 426 N.

R = σMin

σMax

= 0.1 (3.6)

The frequency selected for this fatigue testing depends on the testing rig capabilities.
The maximum force applied by the hydraulic cylinder used was 12 kN. In theory, the
smaller the force (or smaller the ratio between the force and the maximum limit), the
higher the frequency that can be applied. In this case the frequency selected was 5 Hz,
which provided a sensible balance between number of testing cycles and total testing
time.

A summary of the testing parameters is shown in Table 3.1.

Table 3.1. Testing parameters selected for the 4-point bend tests performed in this
work.

σMax[MPa] σMin[MPa] FMax[N] FMin[N] R Frequency [Hz] Wave
1040 104 4260 426 0.1 5 Sine

3.3 Sample Preparation Route
The sample preparation route chosen depends on the material that is being prepared and
the requirements needed for the further analysis of every specific technique.
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Normally the titanium samples that are analysed in this work have an initial surface
created via electrode discharge machine (EDM) or after sectioning samples with a silicon
carbide blade. Sectioning the samples was performed using a cut-off wheel (10S20 Struers
SiC) and a precision cutting machine (Secotom 50).

As EDM creates a very thin recast layer after extraction and because a precision cutting
machine was used in the other cases, the initial surface to prepare did not present any
topography features that required very coarse grind paper to start the process.

Extracted or sectioned samples to the desired size and shape are embedded in conduc-
tive bakelite using a Buehler Simplimet 1000 Automatic mounting press with a 32 mm
diameter ram. Sample preparation was carried out using a Tegramin-25 semi-automatic
polishing machine manufactured by Struers.Table 3.2 summarises the sample preparation
route for Ti-6246 samples, used for EBSD preparation which is the analysis technique
that requires the strictest standards for sample analysis.

Table 3.2. Metallographic sample preparation route for Ti-6246

Process Time [min] Method Liquid/Suspension

Coarse Grinding 1 SiC P800 Water
3 SiC P1200 Water

Fine Grinding 3 P2500 Water
5 P4000 Water

Polishing 15 - 30 Struers MD-Chem Silco +10% H2O2

Sample Cleaning 8 Ultrasonic Cleaning Isopropanol
- Cotton Wool Soap + Water
- Drying Isopropanol

Other analysis techniques do not require such strict sample preparation routes. For
optical microscopy the last polishing steps can be reduced to 5 minutes polishing with
the colloidal silica suspension. However, when imaging using SEM secondary or back
scatter electrons it is necessary to prepare the surface with more care, to avoid micro-
scopic scratches. In this case, the last polishing step can take up to 15 min. A similar
metallographic preparation route is applied for heat tinting samples, however, in this case
the polished surfaces have to be prepared immediately before performing the heat tint-
ing. A fresh polished surface implies that the oxide layer generated during heat tinting
is homogeneous throughout the polished geometry, providing the best results.

Finally, for EBSD sample preparation it is suggested to perform colloidal silica polishing
steps for more than 15 minutes (some times up to 30min to an hour), after checking the
surface using a light microscope. This process has to be repeated until satisfactory in order
to maximise the indexing rate during EBSD measurements. After this, it is recommended
to submerge the sample in isopropanol and perform the analysis as soon as possible to
avoid undesired oxidation and the consequential impact of reducing the indexing rate.
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Forces and head and platten speeds are also critical to get the best results. As a
general rule, higher forces are recommended for the polishing steps with respect the
grinding process. However, for EBSD, the material distortion in the top surface has has
to to be kept to a minimum, and therefore the pressure forces are lowered for the last
polishing step.

Table 3.3, summarises the recommended rotational speeds for head and platen as well
as the forces used for both processes. It is important to consider that the ratio between the
head and platen speed cannot be an integer. If this is the case, the use of the grinding
paper or polishing pad is not optimal, creating cycloid wear patterns on the surface
producing undesired grinding and polishing results. Using counter rotation direction
between the head and the platen is recommended for the polishing processes, keeping the
polished area lubricated with the polishing paste for better results.

Table 3.3. Recommended rotational speeds, direction and forces used for Ti-6246
metallographic preparation.

Head Speed [RPM] Platten Speed [RPM] Rotation Direction Force [N]
Grinding 41 103 Complementary 15

Polishing (general) 23 83 Contra 20
Polishing (EBSD) 15 73 Contra (5-10)

An important note to highlight is that generally sample preparation of titanium sam-
ples, uses more polishing compounds and steps to prepare the samples for further analysis
compared to other materials. This normally is carried out before the final polishing step
with colloidal silica. The polishing step is usually performed with a Struer’s MD-Largo
cloth and a 9 µm diamond suspension. However, this route introduces variability in the
polishing process, because the MD-Largo pads wear out with time and the polishing sus-
pension can degrade with time, reducing its polishing effect and creating uneven polished
surfaces.

To counter act the effects of wear of polishing cloths and the degradation of polishing
suspension with time, a change is suggested to substitute the polishing stages with 9 µm
diamond suspension with finer grinding papers. This stage can be substituted with two
fine grinding steps with P2500 and P4000 grit size. Two main advantages arise from this
change: First, because the grit papers are one use only, allowing a more consistent control
of the variables and helping the automating the process for better and more consistent
results and secondly, it is a cheaper option. This grinding papers have a negligible
degradation with time compared to stored polishing suspensions, being able to buy in
bulk and taking advantage of lower prices.

3.4 Cross-Polarised Light Microscopy
Cross polarised light microscopy is a special branch of conventional light microscopy, how-
ever, this technique uses polarised filters to highlight different material regions. Some
materials can be prepared and analysed throughout this technique. This imaging tech-
nique is normally used in scientific field such as geology, mineralogy or materials science.
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Cross polarised light is a powerful imaging technique that takes advantage birefringent
materials. This means that materials can show different refraction indexes depending on
the different conditions found in the initial material. The anisotropic properties shown
by the analysed specimens allows not only qualitative but also quantitative analysis of
the material features, such as microstructure features.

Although this technique has been known and used for more than 170 years [86], it
has been noted that the use of it has decreased with time. This is because of analytic
techniques such scanning electron microscopy and the lack of expertise for applying this
technique by new researchers. However, it is important to highlight that the best way
of furthering science is choosing the right technique, particularly when it provides the
same information for a fraction of the cost and time. Moreover, new optics technol-
ogy developments have opened this kind of technique to other fields such as molecular
architecture [87].

Titanium as one of the metals that do not have a cubic crystalline atomic structure at
room temperature and performs very well under this type of analysis. However, this is not
a very widespread tool in the metallic materials research because most of the mainstream
analysed materials have a cubic crystalline structure. Therefore, when exposed to this
type of light analysis, the final result is a homogenised uniformly dark image, with no
difference in contrast between the different features to be analysed. The light anisotropy
in HCP or tetragonal materials is due to the fact that the different refractive indexes that
occur while shining polarised light on a polished surface, and therefore the final contrast
in the image can be linked to the crystal orientation.

However, cross polarised light can be also used for cubic crystalline structure materials
if any of the secondary phases formed during the component processing, show other
crystallographic arrangement. CPL (Cross-Polarised Light microscopy) would be a easy,
simple and effective way of phase detection in these cases.

In titanium, the advantage of CPL analysis is that more complex processes such as
etching for measuring microstructural features can be avoided. Further research has been
carried out for linking even crystallographic orientation of the c-axis in titanium HCP
crystals carried out by Böhme et al. [88]. This work explains the technique and analy-
sis performed between textured and non-textured CP titanium under CPL for texture
analysis. This is an important leap for texture analysis, because normally a much more
complicated analysis using EBSD is needed for c-axis orientation analysis.

Titanium samples have to be metallographically prepared to create a flat mirror finish
surface using the preparation route stated before, and then analysed under a standard
light microscopy set up with cross polarised light capabilities.

An example of the used set up for the cross polarised light analysis is shown in Fig. 3.11.
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Figure 3.11. Schematic of a microscope with cross polarised light capabilities.

After the surface preparation it should reflect light and thus, be scratch free for maxi-
mum resolution and image quality. If observed through a standard light microscope, no
differences in brightness between the different features will be observed, because all the
light will be reflected towards the eyepiece.

In Fig. 3.12, examples of cross polarised light microstuctural analysis performed in bulk
and machined Ti-64 are shown in, where not only microstructural features can be seen
but also machining induced damage features suck as twins.

(a) (b)

Figure 3.12. Examples of Ti-64 microstructures analysed through cross polarised
light. (a) CPL of non machined material and (b) Twin formation induced throughout

machining.
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This technique can be also used with etched titanium. The effect of the etchant can
be linked to the crystallographic orientation, and therefore, the final surface condition
will depend on this as well. Therefore, it is possible to take advantage of this combined
with titanium’s birefringence. This creates colourful images of the microstructure of
the material that can provide more information and insight about the material. Fig. 3.13
examples of micrographs generated through cross polarised light after etching the surfaces
with Kroll’s reagent.

(a) (b)

Figure 3.13. Examples of colour imaging created using cross polarised light after
etching the analysed surfaces, (a) detail of a prior beta grain boundary in Ti-6246 and

(b) beta processed microstructure in Ti-6246.

3.5 Heat Tinting Techniques
Chemical etching is a very common chemical attack to reveal microstructural features
in metals and it is used throughout the whole spectrum of metals with different etchant
composition depending on the objective material and desired effect.

However, colour etching is a different approach that avoids the use of any chemicals to
reveal microstructural features in a different manner. Although heat tinting can be used
as a quick way to check certain features that may be interested in a low cost and rapid
manner, there are very few reports about the application of this technique for titanium
in a laboratory environment.

In a workshop environment this technique is normally used for detecting different fea-
tures and heat affected zone in welds, creating different oxidation layers depending on
temperature, gas coverage and therefore, developing different colours depending on these
variables.

Outside the manufacturing industry, heat tinting is very common in the jewellery
industry used to obtain certain colouration or fading chromatic sequences that are visually
appealing. Lynne Bartlett explored the variability of titanium colouring while heat tinting
[89].

Examples of heat colouring of titanium for jewellery are shown in Fig. 3.14
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(a) (b)

Figure 3.14. Examples of jewellery made of heat tinted titanium. Ring made of
different titanium alloys and then heat tinted by Revolution Jewellery Designs (a) and
titanium earring from 1980’s with oxide layer damaged by adhesive layer (b) [89] .

In normal circumstances, the colour is generated because of a thin oxide layer on
the metal surface which scatters and absorbs light in such a way that it reflects only
a certain set of wavelengths that provides the characteristic colour palette from heat
tinting. Depending on the exposition time and temperature, the type and thickness of
the oxide layer shows different refracting and absorbing properties, and therefore, it is
possible to tailor the final colour of the sample. A schematic of the process is shown
in Fig. 3.15. A recent study carried out by Barnes, investigated the optimal processing
parameters for heat tinting commercially pure titanium [90].

Figure 3.15. Schematic of standard colour generation through controlled oxidation
during heat tinting.
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However, it is possible to perform further analysis of the microstructure based on
the crystallographic orientation of every specific grain. The oxidation layer formation
depends on the chemical interaction of the base material with the oxygen environment.
Due to the orientation of the atomic arrangement, it exposes different crystallographic
planes with different atomic densities, this means that the chemical reaction will not be
homogeneous through the whole exposed surface. A simple schematic of this process is
shown in Fig. 3.16.

Figure 3.16. Schematic of different oxidation layer generated as a function of the
atomic arrangement in titanium alloys.

This means that microstructural features can be analysed and are highlighted similarly
to chemical etching. An example of microstructural analysis using heat tinting analysis
in Ti-6246 with Widmanstätten alpha is shown in Fig. 3.17.

(a)
(b)

Figure 3.17. Examples of heat tinted titnanium microstructures of Ti-6246 compressor
disc material in colour (a) and Ti-64 microstructure from billet material [91] (b).
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Note that in the previous figure it is possible to see the similar crystallographically
oriented bands in a titanium in a billet material produced by TIMET.
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4.1 Graphical Abstract

Figure 4.1. Graphical abstract.



4.2. INTRODUCTION 57

4.2 Introduction
This section of the work is centred in understanding the effects of the forging processes
and subsequent machining stages in crack initiation and propagation for titanium IP
compressor discs. The part of the work presented in this chapter has been submitted for
publication to the International Journal of Fatigue.

The α - β titanium alloy Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) is widely used in rotating
jet engine components, such as compressor discs, owing to its excellent strength/weight
ratio, and high corrosion and fatigue resistance. Significant resources are invested in
manufacturing these components to meet the highest of integrity standards, particularly
through the multi-stage forging and machining stages. This work investigates the mech-
anisms behind fatigue failure in Ti-6246 disc product, and decouples the effects of the
upstream forging processes and the downstream machining operations. A 4-point bend
fatigue testing approach enabled the crack initiation and propagation characteristics to
be studied at multiple radial locations around the disc periphery. Fatigue life variation
at different circumferential positions of the disc has been linked to the inherent heteroge-
neous crystallographic texture developed from the upstream billet forging stages. Due to
the non-linear strain induced into the ingot during billet forging there is a clear relation-
ship between the developed crystallographic texture and crack initiation and propagation
mechanisms around the disc. These heterogeneities have been attributed to be the cause
of the recorded differences (>60% variation) in fatigue life found within the as-forged,
pre-machined condition. Four-point bend coupons manufactured from a range of machin-
ing variables and metal removal rates were tested to determine the fatigue performance
of the resultant surface and subsurface microstructural condition. A substantial and con-
stant increase in fatigue life was found post-machining with a doubling of the fatigue life
compared to the as-forged condition. Interestingly, the fatigue life fluctuations derived
from the upstream forging texture “fingerprint” were not erased by the machining stage.
This suggests that crack initiation mechanisms are suppressed by machining but crack
propagation remains dependant on further upstream machining process. This paper stud-
ies the mechanisms of how machining processes can offer beneficial fatigue performance
in Ti-6246 whilst understanding the impact of upstream forging steps.

4.3 Literature Prior Work
Titanium alloys are used in high performance rotating components in the aerospace in-
dustry, particularly compressor discs, as they possess high strength/weight ratios and
excellent fatigue and corrosion resistance. Such components are highly regulated through
organisations like the European Aviation Safety Agency and the Federal Aviation Ad-
ministration, and in terms of economics, are a significant fraction of the cost of aircraft
production and operation. Their in-service failure is highly unlikely but the consequences
when a failure occurs are catastrophic; and therefore, such parts are classified as safety-
critical [92], and thus, stringent manufacturing standards and rigorous none destructive
evaluation (NDE) methods are applied. As an example, the initial vacuum arc remelted
(VAR) ingot’s microstructure must show levels of the order of less than one defect per
500 t of melted weight [93] [94].
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Primary forging starts with a cogging operation of the VAR ingot using an open die
hammer press at forging temperatures above the β transus, where the ingot is rotated
and moved forward between two (or four) open dies, schematically represented in Fig. 4.2
a. The cogging process homogenises the as-cast chemistry and breaks-up the heteroge-
neous columnar microstructure of the ingot into a refined equiaxed β grain structure [49].
Depending on final microstructure requirements, temperatures will be maintained above
the β transus to obtain a final room temperature microstructure of lath-like secondary
α. Following the initial forging steps, the final forging stages are undertaken at sub-
transus temperatures to produce a microstructure of equiaxed primary α in a matrix of
secondary α (or transformed β). The initial VAR ingot cross section is cogged down from
approximately 1000 mm diameter through a complex shaping operation to approximately
250-300 mm diameter cylindrical billet. The complex nature of the forging means there
can be significant variations in total strain experienced along the radial direction from the
centre to the surface and non-linear strain-path circumferentially, leading to variations
in β grain size and β crystallographic texture throughout the billet.

During secondary forging stages, a length of the cogged billet is extensively processed
through a combination of upsetting and hot closed die forging operations to achieve a
shape as close to the final component as possible. The workpiece temperature can be
either super- or subtransus depending on the complexity of the final shape and desired
final microstructure and property requirements. Closed die forging can also induce sig-
nificant variation in strain, strain rate, and temperature throughout the section, further
exacerbating the heterogeneous strain patterns within the final forging.

On cooling to room temperature, a variation in � texture is also developed in the near
net shape component. This is because the phase transformation from BCC β to HCP α
follows the strict Burgers orientation relationship where (1 1 0)β ∥ (0 0 0 2)α and ⟨1 1 1⟩β ∥
⟨1 1 2 0⟩α, meaning only 12 α orientation variants are possible from the parent β grain. A
strong β texture can therefore only be diluted by a maximum factor of 12. However, not
all of the developed directions are developed per parent β grain, this phenomenon is known
as variant selection, leading to the potential for a relatively strong α texture [55] [95] [56]

Furthermore, owing to the multi-step primary and secondary forging stages and the
high temperature at which they are maintained, the β grain size at the end of the forging
stage is still relatively large, particularly for alloys processed above the β transus. This
combined with a relatively slow cooling rate, even during water quenching, promotes the
formation of large colonies of similarly orientated � laths within the prior β grain, owing
to the low thermal conductivity of titanium. Each colony of � laths acts as an effective
structural unit (ESU) with a size that has significant impact on fatigue life, affecting
crack initiation and propagation mechanisms [93].

After closed die forging the disc is machined to defined tolerances in order to allow NDE
ultrasonic inspection, the component at this stage is often referred to as a “rectilinear
forging”. The rectilinear forging is further machined in two stages, with approximately
80% of the closed die forging being machined away ( Fig. 4.2 b). The initial rough
machining stage removes a large volume of material at relatively high depths of cut. The
final finish machining stage defines the final surface conditions of the component and final
geometry. Finish machining is generally carried out at much lower depths of cut whilst
employing careful control of the cutting speed and feed so as to not induce excessive
subsurface microstructural deformation, Fig. 4.2 b.
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There have been several studies on the machinability of titanium alloys from a tool life
standpoint [96] [97] [98] [99]. For, example, Arrazola et al. [100] showed that the rate of
tool wear was greater for the high strength metastable β alloy Ti-5Al-5V-5Mo-3Cr (Ti-
5553) compared to Ti-6Al-4V, implying that there is a relationship between machinability
rate, materials properties and alloy chemistry. Armendia et al. [101] showed significant
tool wear in Ti-6246 when machining at speeds higher than 90 m/min and that signifi-
cant changes in microstructure induced by heat treatment significantly impacted on the
tool wear performance. Furthermore, recent studies have broadened the machinability
assessment to understand and link the effects of machining parameters on subsurface de-
formation with respect to the crystallographic texture in the workpiece [102] [103] [104].
However, from a process cycle life standpoint, machinability has to take into account
the impact of machining parameters on in-service behaviour of the final component. Up
to now, the direct response of machining of titanium alloys on fatigue and crack initi-
ation and propagation behaviour has not been widely reported in the literature. Cox
et al. [83] correlated metal removal rates with fatigue performance through a 4-point
bend fatigue testing approach. It was found that increasing metal removal rate at the
finish milling stage, reduced the fatigue life (i.e. cycles to failure) in the high strength
metastable β alloy Ti-5553. This was studied by machining the coupons under different
conditions to impart different levels of surface and sub-surface deformation to replicate
industrial milling parameters in aerospace landing gear forged components. Low cycle
fatigue (LCF) properties, crack initiation mechanisms and favourably slip plane micro-
crack initiation in specific locations of the forging under different machining conditions
were characterised. This is important as the impact of machining parameters on the sur-
face condition and subsurface microstructure cannot be easily replicated in conventional
dog-bone type fatigue specimens, for example.

In this study, a 4-point bend fatigue testing approach was used on Ti-6Al-2Sn-4Zr-6Mo
(Ti-6246) compressor disc forgings to investigate the cumulative effect of crystallographic
texture developed during the forging processes and subtractive machining processes on
fatigue behaviour and crack propagation mechanisms. The investigation was conducted
in collaboration with key companies in the aerospace manufacturing supply chain in order
to determine the effects of through processing on service performance.

4.4 Experimental Procedures
4.4.1 Material as-received and coupons extraction
This study used two semi-finished super β transus forged rectilinear aero-engine inter-
mediate pressure compressor discs both made from Ti-6246, supplied by Rolls-Royce plc.
Disc 1, of which only three quarters was available for investigation, was used for the
as-forged analysis and full machining trials were undertaken on disc 2.
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(a) (b)

(c)

Figure 4.2. (a) Initial VAR ingot square cross section with no strain induced top and
DEFORM® simulation of the cross-section strain induced during the primary forging
performed by TIMET ® (bottom) [orange/yellow colouring relates to total high strain

regions]. (b) 3D schematic of a typical open die forge / titanium alloy workpiece
interaction during the primary forging process with strain induced overlaid. [105] (c)
Schematic of the cross section evolution of the component during its manufacturing

steps, from left to right (1) after primary forging, (2) after forging, (3) after roughing to
a rectilinear shape, and (4) final machined compressor disc component.
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For the as-forged analysis of disc 1 a set of four samples were extracted from each of nine
radial directions in the middle section diaphragm using Electrical Discharge Machining
(EDM) at 30 o spacing, as shown in Fig. 4.3. Sample dimensions were 130 x 19 x 3.6
mm, a light grinding process was applied to remove the re-cast layer generated by the
EDM and to provide each coupon with the same surface finish and roughness in order to
reduce variability due to surface finish. As the coupons were extracted from the centre
of the diaphragm, any machining process will not affect the extracted material; hence it
can be considered that the response of these coupons is representative of the “as-forged”
bulk material.

Figure 4.3. (a) Photograph of disc 1 after the blocks have been extracted using EDM
technique; (b) an example of an extracted EDM’ed block (location A) with the

corresponding four coupons and (c) photograph of a 4-point bend coupon.

A similar approach was followed for disc 2 samples that would then be subsequently
machined. Four coupons with dimensions of 180 x 19 x 3.6 mm, were extracted from each
of nine different radial directions separated by an angle of 40o. In this case, the extracted
length of the coupons was 180 mm, in order to clamp them to a rigid fixture and apply
the required machining conditions to the top surface of the coupon, before trimming to
the 130 mm length.

4.4.2 Machining Process
The machining operation applied to the top surface of the coupons replicated a standard
face turning operation using a CNC MORI DMG NVX 7000 machining centre. This is
explained in detail in Chapter 5 and [106]. The machining set up consisted of a 132 DNMG
15 06 08-23 H13A insert held within a T-Max P® SL-PDJNR-32-15HP tool holder. This
was installed in a Sandvik CoroBore® 825 boring head coupled to BT 40 / MAS-BT403
taper 134 in order to connect the tool to the main spindle of the machine. A new cutting
edge was used to machine each coupon, as depicted in Fig. 4.4. The machining conditions
applied are summarised in Table 4.1.
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(a) (b)

Figure 4.4. (a) Schematic of the boring head machining a Ti-6246 coupon with
corresponding rotation and coupon advancing direction shown and; (b) photograph of a
machined coupon surface prior to trimming to final dimensions and overlaid onto the

equivalent face turned radius.

Table 4.1. Machining conditions applied to every set of 4 coupons..

Cutting speed Depth of cut Feed Metal Removal Rate
Vc [m/min] ap [mm] [mm/rev] [mm3/min]

Coupon 1 50 0.5 0.15 3750
Coupon 2 70 0.5 0.15 5250
Coupon 3 90 0.5 0.15 6750
Coupon 4 150 0.5 0.15 11250

To translate the machining dynamics of an equivalent turning process transferred into a
standard CNC milling machine using a boring head, it is necessary to link the turning ma-
chining variables feed per revolution and cutting speed (ffeed [mm/rev] and Vc[m/min]),
with milling variables spindle and table feed (RPM and table Vfeed [mm/min]). Eq. (4.1)
and Eq. (4.2) show the geometric transformation for equivalent machining parameters.

RPMmilling = VCturning
[ m

min
] · 1

2 · π · RadiusBoringHead[m]
(4.1)
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Vfeed[mm

min
] = feedrev[mm

rev
] · RPMmilling (4.2)

By using these calculations, it is possible to impart the same cutting parameters and
material removal rates which are comparable to those used in industrial turning oper-
ations. Thus, providing an analogous tool material machining interaction on the top
surface of the extracted coupons which matches the surface of the extracted coupons
obtained from a face turned disc component machined at Rolls-Royce.

4.4.3 4-point bend test methodology
The 4-point bend test set up uses four 10 mm rollers (BS 8734/ISO 8734), where the top
and bottom sets are separated by 80 mm and 40 mm, respectively. Needle roller bearings
SKF® BK1012 support the rollers to simulate a contact under zero friction. Table 4.2
summarises the testing parameters used in this test. The detailed explanation of the
4-point bend test design was described in Chapter 3.

Table 4.2. Dynamic loading conditions selected for the 4-point bend test.

FMax [N] FMin [N] R σMax [MPa] σMin [MPa] Freq. [Hz] Waveform
4260 426 0.1 1038 [MPa] 103.8 [MPa] 5 Sinusoidal

The testing coupons are rectangular with a length of 130 mm, a width of 19 mm and a
thickness of 3.6 mm. The top corners of the cross section were chamfered to avoid stress
concentration points on the top surface edges.

4.4.4 Microstructural analysis
Microstructure analysis was performed using cross polarised light microscopy. The alloy
was metallographically prepared with colloidal silica and a mixture of 10% of hydrogen
peroxide to achieve mirror finish prior to etching using Kroll’s Reagent. Secondary elec-
tron images of fracture surfaces were carried out in a FEI Inspect F50 scanning electron
microscope (SEM). These images were taken with an accelerating voltage of 20 kV and
a spot size of 5.0.

This same SEM was also used for performing the texture analysis using an EBSD de-
tector to perform bulk texture analysis and more accurate analysis for crack propagation
study. Large EBSD maps were performed across 10 x 8 mm areas using a step size of
17 microns. The high accuracy analysis of the crack propagation crystallography was
mapped a region of 0.5 x 1.1 mm with a step size of 1.2 micron. The same accelerating
voltage and spot size was used as before (20 kV and 5.0). Channel 5 software was used
for analysing the EBSD data.

4.5 Results
4.5.1 Analysis of the mechanical properties in the as-forged con-

dition
Fatigue samples extracted from disc 1 were tested under dynamic conditions provided in
Table 4.2 until failure. The cycles to failure are plotted in Figure 5b with error bars, in
red. The error bars represent the standard error of the measurements per direction.
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(a)

(b)

(c)

Figure 4.5. (a) Schematic of the stress distribution in a 4-point bend test; (b)
Photograph of the set of rollers used for the 4-point bend test and; (c) dimensions of

the tested coupon (units in [mm]).

(a) (b)

Figure 4.6. Cycles to failure as a function of the radial direction for Ti-6246 rectilinear
disc in the as-forged condition, shown as a; (a) Polar plot overlaid with disc section

dimensions; (b) Plot of average cycles to failure and error bars (in red).
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(a) (b)

Figure 4.7. Secondary electron micrographs of crack paths found in Ti-6246 fatigue
coupons: (a) Shows convoluted crack path in a best performing set (G) and; (b) Shows

a straight crack found in a worst performing set (H).

A total variation of up to 60% in cycles to failure was measured as a function of the
disc circumferential location. Results plotted in a polar graph in Fig. 4.6 a show a radial
pattern with radial symmetry, similar to the poles found in the strain pattern induced in
the cross section of the billet, during the primary forging stages

Fractography and microstructural analysis was carried out to understand the difference
in fatigue behaviour. Samples were separated into “best” and “worst” performing groups
in order to draw out microstructural trends. In simple crack propagation terms, the best
performing set displayed a convoluted crack path where the crack steps between planes
(Fig. 4.7 a), as opposed to the worst performing set that manifested straight cracks from
the surface (Fig. 4.7 b).

Analysis performed on the cracks in Fig. 4.8 and Fig. 4.9 show the influence of micro-
texture on crack propagation. This feature was located in the radial face (perpendicular
to the disc radius) in a perpendicular plane to the fracture surface (red face in Fig. 4.8a).
The loading direction is parallel to the horizontal axis of the micrographs and maps shown
in Figures Fig. 4.8, Fig. 4.9, Fig. 4.10. This micrograph and corresponding EBSD maps in
Fig. 4.8 show the crystallographic orientation evolution for the crack propagation region.
It is also worth noting that X-EDS analysis performed adjacent to the convoluted crack
show no chemical segregation or abnormalities adjacent to this region. The secondary �
laths transformed within the parent β grains are of a similar size and morphology in each
grain. 2D Imaging of the � lath colonies can be misleading due to alignment of secondary
α laths orientations in different planes. Differences in secondary � lath morphologies can
be generated in regions subjected to cooling rates post forging or if there is chemical
segregation [107], the latter of which was not detected in this alloy.
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Figure 4.8. Correlation between microstructure, EBSD and � reconstruction of the
crack found in sample A, loading direction represented in the horizontal axis: (a)

Schematic representation of analysed surface/crack location (red face) with respect to
Ti-6246 disc and tested coupon: (b) Cross-polarised light micrograph of microstructure
of the crack region in sample A: (c) IPF Z EBSD map for the crack region in sample A

(C-axis represented perpendicular to the image): (d) β-reconstructed regions from
EBSD data for the crack region in sample A..
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Fig. 4.9 shows detailed analysis of the crystallographic orientations at different locations
along the crack. Initially, at the surface the crack is straight and perpendicular to the
surface. The initial crack opening can be related to the high stresses applied to the top
surface during the beginning of the test. The first deviation appears within the first
prior-β grain, however within two different crystallographic orientations developed from
the 12 possible variants of the Burger’s relationship. In both cases (regions 1 and 2) the
main crack orientation is dictated by the relative position of the applied load and the
HCP c-axis, developing basal cleavage. This is a common behaviour that is repeated in
regions 3, 4 and 6.

Figure 4.9. EBSD map revealing the orientation of grains adjacent to the propagated
crack. In the corresponding IPF colouring, the basal plane is perpendicular to the radial

direction of the disc.
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Figure 4.10. EBSD Schmid factor image of the arrested crack in the Ti-6246 disc
showing the crack being deflected and arrested due to the grains unfavourably oriented

for prismatic slip.
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Fig. 4.10 shows the evolution of the Schmid factor in the texture data in favourable
orientated slip in the prismatic plane. This data shows deviations or evidence of crack
arresting in locations where secondary � is unfavourably orientated with respect to loading
direction and the prismatic <a> slip [1 0 1 0] <11-20>. Such locations were observed at
both grain boundaries and within the prior-� grains.

Due to the circular symmetry shown in the fatigue results and the clear inheritance
of the strain path induced during primary forging, an analysis on the texture of 1/4 the
disc has been performed (Fig. 4.11).

Figure 4.11. (a) EBSD pole figures of the sections A-D in Ti-6246 compressor disc 1
with pole figures (Y= radial direction): (b) Representation of the pole figures under the

same axes with respect to the disc.

Texture analysis of the disc shows significant variation in the multiple of uniform
density (MUD) index as a function of the radial direction for the 120o segment of disc
analysed. Clear effects on texture produced by upstream thermomechanical processes
are observed, such as the concentric fibres and pole rotation from the secondary forging,
and the broken fibres and differences in MUD scale from the strain field induced during
the primary forging process. Concentric fibres shown in the (0 0 0 2) pole figures aligned
with the forging direction are characteristic of β breakdown cogging processes in titanium
alloys, where the billet is forged at temperatures above the β transus temperature [58].
The MUD index variation as a function of the radial direction matches the fatigue life
profile, with low textured regions presenting the longest fatigue life. It is important to
show that there is preferential orientation of the c-axis with respect the tangential axis
of the disc in all samples analysed.
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The crack initiation mechanism was investigated for the example shown in Fig. 4.8,
Fig. 4.9 and Fig. 4.10. The EBSD map from the straight initial path is shown in Fig. 4.10.
It shows a clear trend where the crack initiation started following a crystallographic
structure which has a strong c-axis orientation parallel to the loading direction. Similar
crack initiation mechanisms have been reported by Bantounas et al. [108] in high cycle
fatigue analysis of Ti-6Al-4V regardless of the processing route (uni-directionally rolled,
cross-rolled and forged bar), with grains orientated within 15-40o from the loading axis.
Pole figures from this studied subset show a clear basal texture parallel to the X0 axis of
this sample (loading direction).

Figure 4.12. Crystal orientation of the crack propagation region with main basal
planes orientated parallel to the loading direction.

In this case, the range of the angles between the crack initiation crystal structures and
the loading directions is narrower than the one reported in the literature [108] , in this
study the range varied from 22.86o to 27.64o.

4.5.2 Analysis of the mechanical properties in the as-machined
condition

A second Ti-6246 disc was provided by Rolls-Royce in order to determine the combined
effect of forging and machining on fatigue performance. In this case, the component was
provided in the same pre-machined stage as disc 1.
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Figure 4.13. Plot of cycles to failure as a function of radial direction and cutting speed
of samples extracted from Ti-6246 compressor disc 2, at a range of cutting speeds.

Table 4.3. Average cycles of failure of all radial directions per cutting speed.

Cutting Speed [m/min] Cycles to Failure
50 22576
70 16644
90 23224
150 24207

Fig. 4.13 shows the cycles to failure as a function of the cutting speed and the radial
location from where the samples were extracted. The first key observation of this data
is that regardless of cutting speed, the variation in fatigue life as a function of radial
direction is still present. This data also shows that there are specific radial locations
(80o and 200o respectively) in the disc that consistently under perform with respect to
the average fatigue life. These locations of low cycles to failure are common in the four
cutting speeds, yet are more pronounced at the lower cutting speed range between 50
and 70 m/min. Similarly, radial locations labelled as 40o and 280o are consistently higher
than the average.

It is important to note that higher cutting speeds show better fatigue performance and
slightly lower variability with respect to lower material removal rates and lower cutting
speeds. Another interesting point from these tests is extracted from Table 4.3, where the
average cycles to failure per radial location is calculated as a function of the cutting speed.
The best average fatigue life is shown by the material machined at the fastest speed with
24,207 cycles. A direct proportional trend can be found between faster cutting speeds and
longer fatigue life. However, 70 m/min falls out of this trend showing poorer performance
respect the other machining speeds.
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(a) (b)

(c) (d)

Figure 4.14. Secondary electron micrographs of Ti-6246 machined surfaces with “pick
up” smeared Ti-6246 deposited from the tool (highlighted with yellow arrows), at (a) 50
m/min and (b) 70 m/min. Photographs of the corresponding tool cutting tips, showing

the tool abrasive wear, at (a) 50 m/min and (b) 70 m/min.

Analysis of the machined surfaces under SEM was performed to determine the causes
of the drop in fatigue life when machined at 70 m/min. A comparison between machined
surfaces machined at 50 m/min and 70 m/min is shown in Fig. 4.14, including tool wear
at equivalent speeds. The morphology of smeared Ti-6246 material (also known as “pick
up”) at 50 m/min and 70 m/min are similar, however, the average size and the number
of the particles at 70 m/min is greater. Such a high density of pick-up caused by built up
edge at the rake of the tool that breaks away and smears under the tool flank, diffusion
bonding onto the surface. Such surface protrusions reduce the fatigue performance of
machined surfaces [109] [110] [111] [112] [113] [114].

Tool wear has also been analysed for these two cases, with negligible wear at the cutting
edge after machining at the more conservative, lower metal removal rate cutting param-
eters. However, substantial damage for a short finishing operation at higher machining
speeds was inflicted at the cutting edge, where damage such as flank wear and built-up
edge were observed.



4.6. DISCUSSION 73

4.6 Discussion
4.6.1 As-Forged analysis results discussion
Results analysed regarding the differences in cycles to failure (Fig. 4.6) clearly correlate
with the texture inherited from the non-linear strain pattern during the β breakdown
cogging stages appears to have a direct impact on the fatigue performance of a Ti-6246
compressor disc. This direct correlation of upstream forging dictating fatigue performance
has not been explicitly shown before in titanium alloys. It is clear (Fig. 4.6) that the
directions A and G separated by 180o , which have the best fatigue performance, are
in a similar position to the 0o and 180o position poles shown in the forging DEFORM
simulation (Fig. 4.2a). These poles represent the lower strain regions of the forged billet.
This suggest that highly strained regions during the primary forging create zones of
preferential anisotropic texture (higher MUD) and therefore the crack propagation time
is shortened considerably due to a less convoluted crack path. It is postulated that the
higher strain induced into the β crystals orientate them in a specific direction which is
then transferred into the 12 different orientations available for � because of the Burger’s
relationship. Moreover, the preferential c-axis orientation in the tangential axis of the disc
suggests that the hoop stresses applied during the secondary forging operation induces
variant selection during the beta to alpha phase change.

The complexity of controlling all variables involved in the forging process makes it
challenging to develop a fully homogenised microstructure for the design requirement.
This is because even in extremely controlled environments there is a very narrow window
between breaking out the initial billet microstructure and the creation of a new strong
texture as a function of the strain rate and temperature during the thermomechanical
processing [68].

Fractography analysis results performed on the best and worst regions show similar
fracture surface topography. However, the consistent differences in crack propagation
geometry (Fig. 4.6 a and b), imply that the crack propagation mechanisms in the best
performing regions follow more convoluted paths, whereas in the worst performing re-
gions, cracks follow the shortest least resistance path towards lower stressed regions.
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Crystallographic evolution analysis performed in a crack found in the radial direction
(Fig. 4.8c and Fig. 4.9) show that the crack propagation path is dictated by the adjacent
crystallographic orientation at the crack tip (Fig. 4.12), as well as, the driving effect of
opening the crack towards the lower stress region. Studies carried out by Wilson et al.,
showed crack propagation in HCP materials to be sensitive to local microstructure and
texture [115]. However, this is a complicated system where not only the grain found at the
crack tip affects the crack path; neighbouring grains also play an important role. Different
crystallographic orientations in neighbouring grains lead to heterogeneous distributions
and dislocation pile up and “ratcheting” of dislocations from soft to hard grains [116].
This plays a critical role in dwell fatigue [117] [118] [119] [120], but also influencing
crack propagation behaviour and rates. In house reconstruction software developed by
co-author Wynne, provided a prior β map of the surface region Fig. 4.8d. Such analysis
clearly demonstrates that the crack deviates when crossing from one prior β grain region
to another. As the prior beta grain structure orientation is inherent of the primary forging
stage, there is clear evidence to suggest that the crack propagation behaviour and fatigue
behaviour is directly be linked to post melting cogging stage. This means that in the
longer term the supply chain can develop forging strain paths that potentially enhance
the fatigue performance of downstream machined compressor disc components.

Analysis of the local orientation of the HCP crystal as a function of the crack path
geometry in Fig. 4.8 shows a clear trend, where in most of the cases, the crack propa-
gation direction is defined by the relative orientation of the c-axis and the basal plane
with respect to the crack path. This analysis is complemented with the study of the
evolution of the Schmid factor with respect the loading direction and the prismatic slip
planes (Fig. 4.10). This analysis shows that cracks are both deviated and arrested when
they encounter secondary � unfavourably oriented prismatic slip planes relative to the
loading direction. A similar result is reported by Bantounas et al. where the effect of
crystallographic texture during fatigue loading (of dog bone samples) for Ti-6Al-4V is
studied [121]. They observed that a fatigue crack arrested when it reached a structural
unit size (macrozone) unfavourably oriented for prismatic {1 0 1 0} (1 1 2 1).
This same behaviour is clearly shown in the Ti-6246 compressor disc material, where
crack arrest and crack path deviation has been found when the crack tip encounters
these unfavourably oriented zones. Such crack arresting occurs due to the retardation of
the crack propagation rate, as more energy is required to propagate the crack to lower
stress locations, or by deviating the crack towards lower energetic paths, resulting in more
convoluted path, and subsequently improving the fatigue crack propagation resistance of
the component.
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The difference in crack propagation is believed to have originated in the texture cre-
ated during the heterogeneous strain induced during the primary forging, therefore 1/3
of the disc was analysed using EBSD. Differences in texture have been found between
the analysed samples, which indicate that this is the root of the difference in mechanical
properties. Moreover, the texture scale (MUD) shows significant differences, with a low
MUD value of 4 representing a more random texture in the best performing locations and
a higher MUD of 11 in the worst performing regions.
However, it is an interesting observation that even though the texture index varies as a
function of the radial direction, the c-axis of the HCP crystal is orientated in the tan-
gential direction in all the samples analysed. This could be caused by the preferential
selection of the 12 possible alpha developed orientations from the parent beta grain. This
preferential variant selection could be induced by the circumferential stress and strain
during the secondary forging process, leading to the beta plane (1 0 1) being preferen-
tially orientated perpendicular to the tangential axis of the disc. This would lead to a
preferential creation of the c-axis for the HCP alpha phase in the tangential direction, as
seen in Fig. 4.10.

The fibres that appear on the (0 0 0 2) pole figures can be attributed to the secondary
forging based on the work of Lütjering [58]. This could be caused because the symmetry
of the strain induced during this secondary forging, where the forging direction is parallel
to the longitudinal axis of the component. However, based on the work of Davies [68],
these fibres cannot be generated through classical dynamic recrystallisation during this
forging process because of the low strain rate applied during the secondary forging and
the high temperatures achieved.

Crack initiation mechanisms dependant on the crystallographic orientation have also
been studied. Regions with a strong texture with a c-axis orientation between a 15-40o

and subjected to the maximum stress are commonly the sites for crack initiation. The
crack initiation mechanisms are not purely basal cleavage, an additional component of
stress needs to be transferred to deformation slip in order to initiate the crack, that is
believed due to the fact that no crystals with their c-axis parallel to loading direction
were found at the crack initiation point.

4.6.2 As-Machined analysis results discussion
Samples extracted from disc 2 were machined at different cutting speeds and tested under
dynamic loading conditions in a 4-point bend test. The first conclusions extracted from
Fig. 4.13 are that, even though the variability of the cycles to failure diminishes with
increasing cutting speed, there remains a distinct reduction in cycles to failure at the
angular positions 80o and 200o.
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From the tests carried out, machining is beneficial for the fatigue life of this alloy
with 2 to 3-fold increases in the cycles to failure in machined coupons compared to
the pre-machined state. This is due to the fact that the machining process induces
compressive stresses [122] [123] [124] that counteract the tensile stresses applied in the
surface and subsurface layers during the fatigue bending test. However, because the
machining process only affects the top 20-30 microns, it is key for the crack initiation
mechanisms for two main reasons. First, the compressive stresses retard the formation of
the cracks but the machining induced damage and the surface topography can counteract
this, creating stress concentration points that are prone to initiate cracks. Positively, in
this case, because the number of cycles to failure increased after machining, it is possible
to conclude that the induced layer of compressive stresses is more dominant than the
damaged microstructural layer. In view of these results, it is also acknowledged that
there will be variation in baseline fatigue data from one forging to another.

From this study, even though the machining process is beneficial for fatigue life, it
does not erase the inherent effects of the forging process on texture. It is hypothesized
that the severe plastic deformation from the machining process only influences the crack
initiation stage and, in this case, suppresses it. The rate of crack propagation, however is
dictated by the bulk microstructure, which is unaffected by the finish machining process.

Considering the average number of cycles to failure per cutting speed, in Table 4.3.
The fatigue life increases with increasing cutting speed. Interestingly from a productivity
standpoint, increasing cutting speed equates to greater material removal rate and reduced
machining times.

The interesting observation from Table 4.3 is that the results at 70 m/min deviates
from the trend of increasing fatigue life. This is due to a combination of factors that
promote built up edge (BUE) and crater wear on the cutting insert, determined by the
observation of smeared work hardened material or “pick-up” diffusion bonded onto the
machined surfaces (Fig. 4.14 c and d). As such work hardened material from the tool
BUE has diffusion bonded (or re-welded) to the surface after leaving the rake face of
the tool, it has been in contact with coolant and air for a longer period of time at high
temperatures. Therefore, these “pick up” protrusions increase the surface roughness and
act as crack initiation points reducing the fatigue life of the component.

4.7 Conclusions
The as-forged material has been extensively analysed to characterise the crack initiation
and propagation mechanism under dynamic loading in a low cycle fatigue experiment
under high loads. The fatigue life results from the extracted samples show that there
are significant heterogeneities in cycles to failure as a function of the radial location in
the component. However, the radial pattern is not arbitrary and shows periodic zones
with high and low fatigue performance. These radial locations are aligned with the low
and high strained regions that are induced in the cross section of the billet during the
primary forging stage.

The influence of the upstream forging processes and the effect of the final machining
conditions used for intermediate pressure compressor disc were assessed regarding the
effect in fatigue life performance, with a detailed study of the crack initiation and propa-
gation mechanisms and their relationship with crystallographic orientations. From which
we can conclude that:
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1. Significant differences in fatigue life have been found in Ti-6246 disc components as
a function of the radial location. This has been linked to the heterogeneous strain
pattern induced during the upstream forging process, where low strained regions
during primary forging showed better fatigue performance.

2. Crack propagation mechanisms activated in the locations that show better fatigue
life produce convoluted crack path geometries compared with straight cracks found
in the worst performing locations.

3. A direct link between fatigue performance and texture index have been found with
lower textured regions (lower MUD index) perform better under dynamic loading
than regions that show higher MUD values.

4. Cracks tend to deviate and arrest when the crack tip encounters regions of secondary
� unfavourably oriented for prismatic slip with respect to the loading direction,
specifically in the best performing locations.

5. Crack initiation mechanisms have been found to relate to previous literature [108],
and shown for the first time using flexural tests on material extracted from an
aerospace grade component.

6. From the limited tests carried out, machining has been found to be beneficial for
fatigue life by increments of up 2 to 3 times compared to the non-machined material,
due to the compressive stresses induced during finish machining. However, it is
acknowledged that there will be variation in baseline fatigue data from forging to
forging.

7. Regardless of the cutting speed, texture effects from the primary forging or cogging
stage influence the fatigue life as a function of the radial location.

8. Faster cutting speeds maintain and increase the fatigue life compared to more con-
servative machining parameters while increasing machining productivity up to 3
times.

9. A non-optimised cutting speed was observed at 70m/min, which was attributed
to a change in the tool/material interaction behaviour. This condition generated
smeared material or pick-up on the surface as a result of BUE produced at the insert
tip. Such surface features are detrimental for fatigue life, as the pick-up protrusions
increases the propensity for crack initiation mechanisms at much lower cycles.
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Chapter 5

Replication of small scale face
turning operation

5.1 Introduction
This chapter presents a novel machining analysis approach that is designed to replicate
the expensive and time consuming face turning operations performed in rotational critical
jet engine components, such as compressor or turbine discs.

Part of the information presented in this chapter has been published by EDP Sciences
as the proceedings for the 14th World Conference on Titanium.

Manufacturing and machining these rotational components is highly expensive and
time consuming meaning that large quantities of resources are needed to complete this
last manufacturing step. Moreover, this final machining step is critical for components
performance, because it creates the final surface finish. Hence, the machining processes
and parameters selected to perform this operation are critical.

All this, combined to a very expensive workpiece, very tight standards for component
failure, make it very complicated and expensive to improve and change the machining
parameters of this process, specifically to enhance productivity.

Moreover, due to this strict standards of the aerospace industry, to generate confi-
dence that the machining processes applied to these components will result in the desired
mechanical properties, extensive testing has to be performed.

To test new machining parameters and their effects in components performance, a
whole new component has to be machined under the new proposed machining parameters.
This has to be done in the production facilities within a production time slot. Due to
the fact that the high demand of aerospace industry for jet engines, partially halting the
production for research new machining parameters at an industrial facility is extremely
complicated and completely undesirable from a business standpoint.

This new technique aims to replicate face turning operations in rectangular coupons
extracted from components in its pre-machined stage to evaluate the effects of the different
machining parameters on a material’s performance and ultimately on component’s life.

The first advantage that this approach offers is a benchmark of the studied machining
parameters before applying them at an industrial level. This significantly shortens the
research feedback loop, because modifications in the machining set of parameters can be
performed faster, and it improves the success rate of the selected parameters that are
then transferred through to industrial scale testing. This is shown in Fig. 6.5.
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Figure 5.1. Research flow chart using the new approach to discard options before
testing, saving resources.

The second advantage of this novel technique is the possibility of testing a great variety
of machining parameters permutations at a lower cost because the machining surfaces
are smaller and several tests can be performed using only one component. This ensures
that the downselected machining parameters tested at the industrial scale will be more
promising to fulfil the requirements in order to be implemented in the production line.

All this, will contribute to lowering the machining costs, by a more efficient investment
in research and innovation of machining processes at a lower initial cost, lowering the risk
of internal or external investment in research.

5.2 Face turning operation to be replicated
The aim of this work is to replicate the face turning operation that is performed on
Rolls-Royce titanium compressor discs made of alloy Ti-6Al-2Sn-4Zr-6Mo (Ti-6246). This
process takes discs in its pre-machined stage (rectilinear forgings) and machines them to
the final geometry and tolerances required by the design. This is carried out in two
different stages; (i) rough machining, where most of the titanium volume is machined out
and (ii) finishing machining, where the final surface condition is achieved to specifications.

The work aims to replicate this process in a standard CNC machining centre using
off-the-shelf tooling to reduce investment costs and perform this machining operations in
coupons extracted from compressor discs in its pre-machined stage.

Extracted coupons can then be tested in a 4-point bend test under dynamic loading to
assess the effects of the new machining processes in material’s behaviour and ultimately,
in component’s performance.

This machined material can then be analysed using other techniques such as residual
stress measurements, machining induced damage analysis, texture analysis, and surface
roughness measurements among others.

This new proposed technique opens the possibility of exploring more combinations
and expanding the knowledge and understanding of all the effects of machining process
in materials performance at a much lower cost, without losing the connection with the
industrial production scale.
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5.2.1 HEYNUDISC: CNC Twin Face Turning Machine
The size, geometry and tight tolerances demanded for machining compressor and turbine
discs requires the design of specific computerised machining centres for large face turning
operations. This operations can be carried out in a vertical or horizontal lathe with
enough clearance for fitting components up to 1250 mm of outside diameter. Fig. 5.2
shows a Mori Seiki NVL1350 vertical lathe installed at the AMRC.

Figure 5.2. Mori Seiki NVL1350 vertical lathe with clearance for components of up to
1600 mm installed at the AMRC.

However, because of the tight material specifications and strict geometrical tolerances,
performing the face turning operation in two separate stages, one per side, leads to
asymmetrical stresses induced into the materials that could lead to warping at the thinner
diaphragm sections, potentially ruining the component.

To avoid this issue, special dual face turning CNC machining centres are designed,
that perform the operation simultaneously from both sides. This machines provide other
advantages apart from added stability compared to a standard lathe. First, the turnout
time is shortened by more than half, because there is no need to dismount and remount the
disc into the machine and recalibrate the machine. Secondly, the geometrical references
for machining both faces are the same, avoiding the risk of offset miscalculations and
thirdly, because the tools are placed at the exact mirrored positions, there is an extra
contact locked point that helps the mitigation of undesired natural frequencies that might
produce chattering between the tool and the workpiece. An example of a twin face turning
machine is shown in Fig. 5.3.

This CNC machine centre is capable of carrying out roughing and finishing machin-
ing operations. The initial shape of the workpiece comes from the secondary forging
operation, that has been pre-machined to remove the oxidation layer and achieve a stan-
dardised shape to be installed in the machine for the face turning roughing and finishing
operations, and enable NDE to be carried out.

Because compressor and turbine discs are made of different materials (mainly nickel
superalloys for turbine discs and titanium alloys for compressor discs) and because dif-
ferent stages have different outer diameters, these machines have to be able to machine
all types of discs.
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(a) (b)

Figure 5.3. HEYNUDISC, CNC Twin Face Turning Machine manufactured by
Heyligenstaedt ® (left), 3D rendering of the twin face turning operation (right).

This specific model can machine discs up to 1250 mm and a maximum workpiece
width of 350 mm. It has to be very adaptable because not only different materials
are machined, but also roughing and finishing machining operations require different
machining parameters.

This machining centre is quite versatile, providing high power for roughing with feeds
up to 400 mm/min either in vertical or longitudinal axis and a maximum torque of 28000
Nm. However, it also performs at slow high precision regimes, with feed speed down to
0.1 mm/min.

For accommodating components with different diameters, the machine uses a system
of fixtures that are locked to the main ring that is gear powered to turning the disc. It
also provides the option of adding steadies, which increase the stability of the component
while it is being machined, making possible to machine down to tighter tolerances. The
steadies and fixtures used in this machine are shown in Fig. 5.4.
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(a) (b)

(c)

Figure 5.4. Photographs of steadies installed during machining operation for increase
stability of the machining operation (a), gear powered outer fixture where large
components are attached (b) and array of two concentric fixtures installed for

machining small outer diameter components (c). HEYLIGENSTAEDT ®

Werkzeugmaschinen GmbH

5.2.2 Tools
Different tools are used during the complete machining operation depending on the lo-
cation, geometry or machining stage. However, the machining operation that is being
replicated in this work is the finishing machining pass, which is most critical. This process
determines the final surface conditions before installing the component in operation, and
therefore is key for the performance of the part.
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(a) (b)

Figure 5.5. 3D schematic of a twin face turning operation (a), and example of a
scientific test for disc face turning operation (b).

The tool that represents the finishing operation for this components is a T-Max® P
Insert for turning DNMG 15 06 08-23 H13A manufactured by Sandvik Coromant ®. The
dimensions and values of this insert are shown in Table 5.1 and Fig. 5.6.

Table 5.1. Dimension values for tool insert T-Max® P DNMG 15 06 08-23 H13A.

CODE DIMENSION [mm]
LE 14.704
IC 12.7
RE 0.794
S 6.35

Figure 5.6. Example and dimensions of insert used for turning operation with
dimensions. (T-Max® P Insert for turning DNMG 15 06 08-23 H13A manufactured by

Sandvik Coromant ®)
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5.2.3 Design Variables
The finishing step of the facing operation is a light cut that has to be in the optimum range
for the machinability of titanium alloys. The machining parameters representative of this
light finishing pass are 0.5 mm of depth of cut (ap), 0.15 mm/rev of feed per revolution
(frev) and a cutting speed of 50 m/min (Vc). The material removal rate (MRR) for this
set of parameters is calculated in Eq. (5.1).

MRR [mm3/min] = ap·frev·Vc = 0.5[mm]·0.15[mm/rev]·50000[mm/min] = 3750[mm3/min]
(5.1)

The material removal rate is a key variable that will define the final production rate of
the component, therefore it is in the interest of the research variables to compare it as a
benchmark between different machining parameters. Material removal rate tends to be
the variable to optimise from the production point of view, however, lifing engineers and
material scientists work to maximise it based on material analysis to ensure the highest
quality are achieved with the required levels for the lowest probability of failure.

Another interesting variable that can define a component’s performance is its surface
topography, in this case surface roughness. Because it is a geometric analysis of the
machined surface, it mainly depends on tool radius and the selected feed per revolution.
The surface condition can define the fatigue performance of a part where the machining
tracks can acts as stress concentrator points leading to premature cracks when subjected
to tensile stresses which is detrimental for a component’s performance.

With the selection of the tool and the processing parameters, it also is possible to
estimate the surface topographic conditions such as Ra, based on the estimation formulas
by De Vos [125] as shown in Eq. (5.2).

Ra = f 2 · 50
rtool

= 0.152[mm/rev] · 50
0.794[mm]

= 1.417[mm] (5.2)

5.3 Replication of the face turning process
This machining process is designed to machine the top surface of coupons extracted from
titanium compressor discs. The extracted coupons have dimensions of 3.6 x 19 x 180 mm.
Due to the coupon geometry, using a turning lathe was not a viable option to replicate
the disc finish face turning process.

Turning operations always remove material in the same direction, where the feed is
always parallel (standard turning) or perpendicular to the rotation axis (face turning).
However, to machine a flat surface that is attached to a non-rotational fixture, milling
operations are more suitable. However, milling operations remove material in a different
way than turning, starting with the chip formation. The chip cross section is not constant
per tooth, and depending on the number of teeth the force is spread through different
tooth at the same time. This does not happen in turning, where all the force is applied
to only one insert.

Because the extracted coupons cannot be machined in a standard lathe due to its
geometry, a milling CNC centre was considered as a low cost and more widely available
option. Although there are differences with turning, the design of this process is centred
in minimising them. The iterations of the geometry of the inserts, tool holder, and
machining parameters are described in the next sections.
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5.3.1 Ball end mill
Ball end mill was the first option to machine the coupons, because that machining tech-
nique was used before within the research group by Cox [83] to study the machining
parameters effect in fatigue life in Ti-5Al-5V-5Mo-3Cr. A schematic of this process is
shown in Fig. 5.7.

Figure 5.7. Ball end nose process schematic for machining the extracted coupons (In
[mm]).

However, even though very fine ball end milling tools can be found with similar radii
than the tool inserts used for turning (such as CoroMill® solid carbide ball nose end mill
for micro-milling R216.42-00830-AE08G 1620), there are different factors in this case that
make this option invalid.

First, due to the size of the tool that would be selected, the time for performing the
operation per coupon would take a very long time. Second, the machining marks, or
the surface geometry left by end ball milling is not comparable to what is produced by
turning. All this is also combined with the lack of uncoated tool options. (H13A grade
or equivalent).

Therefore, this machining process does not represent the chip formation geometries or
the material removal rates needed for replicating a face turning operation. The surface
topography and the cutting speeds cannot be compared to a turning operation. There-
fore, this option was discarded in advance, even though the expertise about using this
machining process under dynamic loading in a 4-point bend test was available in the
research group.

5.3.2 Small Indexable milling head
A face milling operation could be used for getting to a more representative machining
performance compared to face turning operation. It is clear that the machining process
has differences with turning, the selection of tools and tool holders will try to minimise
these differences. In this case the operation will follow the longitudinal axis of the coupon.
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A small indexable milling head provides the versatility of choosing specific inserts with
similar geometry, specifically the nose radius, to the reference turning insert.

Insert selection for small indexable milling head

In this case an uncoated tool specific for titanium alloys (H13A) code by Sandvik Coro-
mant ® was pre-selected for performing the calculations. This insert is coded as CoroMill415®

415N-05 02 06M-M30 H13A. The geometry and the dimensions of the insert are shown
in Fig. 5.11 and Table 5.2.

Figure 5.8. Sandvik Coromant ® insert CoroMill415® 415N-05 02 06M-M30 H13A.

Table 5.2. Dimension values for tool insert CoroMill415® 415N-05 02 06M-M30 H13A.

CODE DIMENSION [mm]
LE 3.8
IC 5
RE 0.6
S 2.21

With this tool insert, the maximum effective cutting length (LE) is 3.8 mm. As the
testing machining surface has a width of 11 mm, this means that at least 3 passes are
needed (Eq. (5.3)).

Passes = Total Width[mm]
Effective Cutting Length[mm]

= 11[mm]
3.8[mm]

= 2.89[mm] ≈ 3 Passes (5.3)

Tool holder selection for small indexable milling head

The selection of the tool holder depends on two variables. First, it must fit the holder in
the CNC machined that is going to be used for machining the coupons and the selected
inserts have to fit in the holder.
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Figure 5.9. Geometric schematic of the area covered by the tool insert head with main
variables highlighted.

The variable that defines the minimum OD is what is referenced to as the exit angle (β)
in Fig. 5.11. This was set to a maximum of 45 o degrees to prevent chip being removed
perpendicular to the moving direction of the tool insert head. This aims to replicate the
turning surface finish, or at least minimise the tool mark left by milling processes.

By simple trigonometry, a relationship can be found between the variables a (width of
the pass), β (exit angle) and the OD (outer diameter) of the tool. This relationship is
shown in Eq. (5.4).

a = OD

2
· (1 − cosβ) (5.4)

The minimum OD for a machining width per pass of 3.8 mm and an exit angle of 45º
is 25.95 mm. However, the largest OD available off-the-shelf for this operation and tool
insert is 23.6 mm. In this case, the exit angle is around 46º.

Therefore, the tool holder chosen in this specific case is a CoroMill415® face milling
cutter 415-32EH25-05H. The OD of this component is 23.6 mm. Fig. 5.10 depict the
small indexable head with the inserts and its size with respect to the machined coupon.

Using the geometric and machining constrains by this selection, it is possible to cal-
culate and compare the design variables against the reference process. In this case the
maximum cutting speed is 36 m/min, maximum feed per tooth of 0.45 [mm/tooth].
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(a) (b)

Figure 5.10. 3D render images of the small indexable milling head with inserts
installed (a), and size comparison between workpiece and tooling.

Therefore, the machining conditions to replicate the face turning operation can be
calculated for this specific case, such as the spindle speed (Nmax) table feed (vf ) and the
material removal rate (MRR). This is shown in Eq. (5.5), Eq. (5.6) and Eq. (5.7).

Nmax = vc[m/min]· 1
0.5 · OD[m] · π

= 36[m/min]·1000[mm/m]· 1
0.5 · 23.6[mm] · π

= 468.56[RPM ]

(5.5)

vf = nt · Nmax · fz = 4[teeth] · 485.56[RPM ] · 0.45[mm/tooth] = 874[mm/min] (5.6)

MRRmilling = vf · ap · awidth = 874[mm/min] · 0.5[mm] · 3.8[mm] = 1660.6[mm3/min]
(5.7)

Therefore it is possible to conclude that this process will use a lower cutting speed and
therefore a lower MRR than the face turning process it is replicating.

Alignment of tool at the centre of the longitudinal axis

An option to increase the material removal rate of the process is to locate the head of the
tool aligned with the longitudinal axis of the coupon. This will reduce also the machin-
ing time per coupon. However, the machining marks on the top of the surface are not
representative of a finish face turning operation. This surface topography occurs due to
the fact that the inserts cut through the whole rotation of the head. Fig. 5.11 shows a
schematic of the predicted surface topography after this operation.
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Figure 5.11. Geometric schematic of the area covered by the tool insert head with
main variables highlighted.

Tilting the head can be a solution to this challenge, specifically from a machining marks
standpoint. A schematic of the tilted head is shown in Fig. 5.12. The main issue in this
case was that the machined surface is not flat, due to the tilting of the axis. Moreover,
the cross section of the machined surface would be curved, see Fig. 5.12 bottom. As one
of the mechanical tests that will assess the machining process is a 4-point bend test. The
modification of the coupon cross section with stress concentrators is likely to significantly
reduce the fatigue life, therefore the results not be representative of finish machined
surface. Therefore, this second iterative machining process was deemed not suitable for
replicating the conditions of a face turning operation.

Figure 5.12. Tilted head arrangement with respect to the coupon fixture (top),
machining marks expected from tilting the rotational axis of the tool (middle), expected

cross section features to be found if this process is applied (bottom).

5.3.3 Large Indexable milling head
Due to the limitations of the small indexable milling head, the disparities with the chip
removal and surface topography generation and the difficulties in getting the same mate-
rial removal rate values, a different approach was developed. The initial point of this new
approach was to select a larger radius indexable head, in order to provide very similar
machining tool marks to the turning process. As the coupons will be broken at the middle
plane, the machining tool marks are very similar and can be considered perpendicular to
the longitudinal axis of the coupon.
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Figure 5.13. 3D rendering of a large face milling indexable head of 160 mm diameter
compared to the coupon to be machined.

The proposed tooling is a CoroMill® 345-160Q40-13H made by Sandvik Coromant®

which is 160 mm in diameter, combined with CoroMill® 345N-1305E-KW8 H13A inserts.
These inserts have a similar tool radius to the T-Max ® P Insert for turning DNMG 15
06 08-23 H13A (1 mm vs 0.794 mm). The characteristics of this type of insert can be
seen in Fig. 5.14 and Table 5.3.

Figure 5.14. 3D rendering of a large face milling indexable head of 160 mm diameter
compared to the coupon to be machined.

Table 5.3. Dimension values for tool insert CoroMill415® 415N-05 02 06M-M30 H13A.

CODE DIMENSION
LE 8.8 [mm]
IC 13 [mm]
RE 1 [mm]
S 5.05 [mm]
BS 8 [mm]

KRINS 45 [o]
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Considering 12 teeth, a minimum cutting speed of 50 m/min and a feed of 0.15 mm/rev
for the turning operation to be replicated, the rotational speed of the head is defined as
shown in Eq. (5.8).

Perimeter = π · d = π · 160[mm] = 502.65[mm/rev] (5.8)
Therefore, for a linear cutting speed of 50 m/min:

RPM = vc · 1
perimeter

= 50[m/min] · 1
502.65[mm]

= 99.47RPM (5.9)

The calculation of the RPM as a function of the desired cutting speed can be extrap-
olated using Eq. (5.9).

After this, it is necessary to calculate the equivalent feed speed for the milling table
equivalent to the 0.15 mm/rev used in turning.

Feed

Rev
= 0.15 [mm]

revandtooth
· 12[teeth] = 1.8[mm/rev] (5.10)

And then, the table feed Vf can be calculated as follows in Eq. (5.11)

Vf [mm/min] = Feed

Rev
· n = 1.8[mm/rev] · 99.47[RPM ] = 179.05[mm/min] (5.11)

Finally, after calculating all these variables, it is possible to calculate the final material
removal rate for this face milling operation:

MRR[mm3/rev] = ap[mm] · ae[mm] · vf [mm/min] = 11638.3mm3/min (5.12)

This face milling operation that is carried out in the coupon’s transversal axis better
replicates a face turning operation at the surface of the coupons. However, the main
problem in this case is that the matching inserts for this indexable head are designed
with a special geometry called “wiper technology”. This geometry enables a smoother
surface finish, or on the contrary, using higher feeds to get a similar surface topography.
A schematic of this geometry is depicted in Fig. 5.15.

Figure 5.15. Schematic of the surface effects of using an insert with wiper (top) and no
wiper (bottom) technology while performing turning or milling machining operations.
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The next natural iteration is to avoid the use of indexable heads with several teeth
and instead install only one cutting edge on one of these, to make sure that there is only
one cutting edge, similar to what occurs during standard face turning operations. Even
though this approach more closely replicates face turning than previous iterations, the
restrictions of the differences between the inserts available for milling and turning, make
it very difficult to compare the standard large scale machining process with this small
scale testing procedure.

Hence, a final iteration of the process is presented in the next point, where minimum
compromises are made, and a proper one-to-one comparison can be performed between
large and small scale tests..

5.3.4 Boring head solution
Machining coupons extracted from compressor discs in a CNC machining centre in such
a way that the machining process can be as similar as possible to an industrial scale face
turning operation, where a large amount of variables have to be considered such as tool
geometries like the tool corner radius, machining design variables like material removal
rate and its dependent variables like cutting forces.

From the initial planning stage of the design of the experiments, the aim of using the
same inserts that Rolls-Royce use in final production has always been the goal. How-
ever, as these inserts are designed for turning, few other machining processes can take
advantage of such specific geometry.

Another important variable to replicate the chip removal process and surface topog-
raphy created by face turning operations is the relative rotation radius between the tool
and the workpiece. In the industrial process, the tool moves in the radial direction while
the component is rotating. For the compressor discs, the diameter can go up to 1250 mm
(which is the OD dimension available for the twin face turning machining centre).

The idea of this replication is to transfer the rotating movement to the tool and the ad-
vancing movement to the workpiece (milling table). Although this reverses the movement
role that occurs during face turning operations, the relative orientations and movements
between the component and the tool would be exactly the same.

However, finding an appropriate milling (or equivalent) tool (plus tool holder) with a
very large radius will make the process very unstable. A new approach was considered, to
machine the coupons with no compromise. The idea is based on using a boring tool with
a large diameter, similar to the diameter of the compressor disc turning operations. This
operation provides the same surface topography than a face turning operation, because
the boring tool can be rotated at the necessary RPM to match the cutting speeds. In
addition, the milling table can advance at the same rate to match the feed per revolution
applied during the turning operation.

Boring Head Set Up

The boring tool provides the capabilities of using the same inserts used during the turning
operation, which means that if other parameters are calculated and set up correctly, the
chip formation and forces will be identical to the operation to be replicated. This is
because boring heads can be equipped with off-the-shelf adaptors that are specifically
designed for turning inserts.
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For this specific case, a Sandvik CoroBore ® 825 combined with S20-R825SL32 020 and
a head for turning T-Max P ® P®SL-PDJNR-32-15HP (or the left handed equivalent).
This is assembled with a BT 40 / MAS-BT403 taper to connect the tool to the main
spindle of the machine. The machine used for this operation is a MORI SEIKI NV
5000 α 1 installed in the Advanced Manufacturing Research Centre within its Knowledge
Transfer Centre (KTC). This machine is shown in Fig. 5.16.

Figure 5.16. Photograph of a MORI SEIKI NV 5000 α 1 housed in the AMRC.

The adaptor installed in this set up allows us to use the T-Max P ® Insert for turning
DNMG 15 06 08-23 H13A, which is the exact insert used at the industrial scale machining
processes. A rendering schematic of this set up is shown in Fig. 5.17.

The diameter of this boring head is 180 mm when the average diameter of the disc
turning operation can be around 400 to 600 mm. The could be considered a large disparity
between both processes, however, it needs to be taken into account that the machined
coupons are designed and machined to be tested under a 4-point bend test. This means
that even though the surface might be slightly different, the actual tested area will show
almost no differences.

A comparison between the expected surface topography between coupons extracted
from a face turned disc (460 mm of diameter) and that machined using the boring head
approach is compared in Fig. 5.18. Note that even though the surface topography may
look slightly different, the actual machining marks within the testing area are very similar
in the central area of interest.
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(a)
(b)

Figure 5.17. 3D rendering of the boring head set up (a) and exploded view of the set
up with the different parts highlighted (b).

Figure 5.18. Machining marks expected from the boring head approach (180 mm of
diameter) (1), machining marks expected from the industrial scale face turning (460 mm
of diameter) (2), coupon testing area highlighted in red where the maximum constant
bending momentum is applied (3) and detail comparison of the machining marks in the

testing area for 180 mm boring head (left) and face turning operation (right) (4) .

This set up is balanced to avoid vibrations that can affect the machining process.
Fig. 5.19 shows the actual set up assembled and mounted in the machine with both left
handed and right handed options assembled.
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(a)
(b)

Figure 5.19. Photographs of the boring head and turning left handed insert adaptor
(a) and installed boring head in the CNC MORI SEIKI NV 5000 α 1 with the

interchangeable right handed adaptor (b).

The technique was first tested on an scrap aluminium block, to analyse and check the
stability of the tool, adapter and boring set up. The surface and machining tracks left
by the process are shown in Fig. 5.20.

Figure 5.20. Photograph of an aluminium block machined to test the stability and
validation of the tool holder set-up prior testing the titanium fatigue coupons.
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Final calculations and G-code used for the trials

After assembling the boring head, the adaptor and the insert, a final measurement was
performed to calculate the exact tool radius. This was performed to calculate exactly the
tool offsets that have to be inputted in the machining CNC controller, in order to set the
exact tool rotational speed to match the desired cutting speed.

This is carried out in a tool setting machine. The tool setter machine used was an Elbo
Controlli installed in the Factory of the Future (FoF) in the Advanced Manufacturing
Research Centre. This machine uses the same clamping system and adaptor used in the
MORI SEIKI NV 5000 α 1, and therefore the same offsets are calculated based on this
adaptor reference. This is shown in Fig. 5.21.

Figure 5.21. Elbo Controlli tool setter interface used to calculate the radial and Z
offsets to input into the CNC machining controller.

With the exact radius from the boring head and the turning insert adaptor of 189.848
mm, it is possible to calculate the main variables that are required to replicate the turning
process in a milling machine.

The rotation of the workpiece is transferred to the tool, which rotational speed is linked
to the linear cutting speed via the previously measured total radius. For a reference
cutting speed of 50 m/min, the input RPM for the main spindle is calculated as shown in
Eq. (5.13). This equation can be extrapolated to other surface cutting speeds of interest.

RPM = vc · 1
perimeter

= 50[m/min] 1
π · 189.848 · 10−3[m]

= 83.84RPM (5.13)
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The feed movement is then transferred from the tool in the turning operation to the
table of the milling machine. The face turning operations are normally commanded in G-
code using feed per revolution (frev), whether milling machines work in feed per minute.
By using the RPM calculated in the previous step, and having a reference frev (e.g. 0.15
[mm/rev]) it is possible to calculate the table feed (feedtable) required for the milling
operation, see Eq. (5.14).

feedtable = feedrev · RPM = 0.15[mm/rev] · 83.84[RPM ] = 12.576mm/min (5.14)

The depth of cut is calculated exactly the same as in any other machining operation,
as the distance between the zero height set for the piece to be machined and the tool
height.

An example of the G-code used for performing the machining operation is included
below.
G−CODE USED FOR TURNING REPLICATION
{
>00017 ( Boring Code ) ;
( ) ;
G90 G0 G40 G80 G98 G17 G21 ;
G54 ;
G53 Z0 . ;
;
T1 M06 ;
S83 . 84 M03 ( Sp ind l e speed in RPM) ;
;
G00 X0 . 0 y−2.0 ;
G43 G00 Z50 . 0 H1 ;
G00 Z10 . 0 ;
G01 Z0 . F200 ;
;
G01 z−0.55 ;
M08 ;
;
Y50 . 0 F12 .576 ( Table f e ed in mm/min ) ;
;
G80 G00 Z100 . 0 M9 ;
G53 Z0 . ;
G53 Y0 . ;
M30 ;
%;
}
To clamp the extracted coupons to the milling table, a vice with parallel blocks was

used to calculate the exact height of the coupon surface respect to the absolute Z-axis
0 at the milling table level. A stopper was used also to keep all the coupons centred in
the transversal axis with respect the spindle axis. This device helped to machine all the
coupons under the same conditions, in an easy and repeatable way. This set up is shown
in Fig. 5.22.
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(a) (b)

Figure 5.22. Vice, parallel block and clamping system used for holding the coupon at
a known Z height (a) and stopper used to keep the machined coupons centred with the

machining axis (b).

This machining operation was performed with high pressure flood coolant Vasco 7000,
an oil based high performance cutting fluid free of boron, zinc or formaldehyde.

Because this process replicates the same chip formation, surface topography and ma-
chining parameters (vc, frev and ap) as the industrial face turning operation, it also
matches the same material removal rate (MRR). Therefore a 1-to-1 comparison between
industrial scale machining tests and this technique can be performed.

A comparison between a face turned component surface at industrial scale and a coupon
machined using this boring head procedure is depicted in Fig. 5.23.

Figure 5.23. Face turned surface machined of a titanium rotating component (top),
complete coupon after machining operation using the same machining conditions

(second), images of the machined surface at different magnifications (bottom left and
right).
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5.4 Summary Chapter 5
This section presents the development of a small scale machining process that can repli-
cate the standard face turning operations applied to titanium compressor discs in the
aerospace industry.

The main goal is to perform a pre-assessment of the effect in the final fatigue per-
formance of the material of different machining parameter combinations, with the least
amount of material. This intends to save time and resources, due to the fact that using a
complete compressor disc per set of machining parameters is quite expensive and narrows
the production bottleneck of compressor discs.

The proposal states that flat coupons can be extracted form a rectilinear forging and be
machined in a standard milling CNC to replicate the machining marks and chip formation
mechanisms of a standard face turning operation. A range of off-the-shelf options have
been analysed and a large boring head with an adaptor was found as the most efficient
and cost effective way of replicating such machining conditions.

This opens the possibility of shorten the cost and time of certifying new machining
conditions to be applied when manufacturing compressor discs by reducing the number
of possible set of machining parameters that are candidates for further and more expensive
testing procedures.



Chapter 6

Rolls-Royce machining trials

6.1 Introduction to chapter
This chapter explores the implications of bringing the knowledge gathered in previous
chapters into the industrial scope. The analysis of the effect of different machining param-
eters to machine titanium alloys has been carried out at the laboratory scale. However,
it is key to understand the implications of machining large components at the industrial
scale. This will help address differences between results from the small scale testing and
the actual challenges of implementing changes in a production route in a production fa-
cility.

In this chapter, the planning of the machining trials performed in collaboration with
Rolls-Royce to carry out the machining trials on their specially designed twin face turning
machines is explained and discussed. In this study, a standard rectilinear forging shape is
machined into a research test piece that could be analysed after using the same techniques
used for the previously studied components. These provides a one-to-one comparison
between the experiments performed.This trials were performed at Rolls-Royce Rotatives
machine centre site located in Derby.

6.2 Rectilinear forging provided by Rolls-Royce
The component provided by Rolls-Royce was in its rectilinear form. A rectilinear forg-
ing shape is the actual geometry of the components after a machining stage performed
after the secondary forging stage to enable NDE tests. This workpiece comes from the
production line of a stage 5 intermediate pressure compressor disc right before the final
roughing and finishing machining stages complete the final geometry of the component.
The as received shape and geometry of the machined component is shown in is shown in
Fig. 6.3.

101
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(a) (b)

Figure 6.1. Initial geometry of the rectilinear shape provided by Rolls-Royce to
perform the machining industrial scale tests, 3D schematic of the workpiece as received

(a), detail of the disc section with dimensions (b).

6.3 Machine to operate
The machine operated for performing the machining operation was a HEYNUDISC, CNC
Twin Face Turning Machine manufactured by Heyligenstaedt ®. This machine was pre-
viously introduced in 5.2.1, as the reference process for machining titanium and nickel
rotational jet engine parts. Examples of the components that are machined in this type
of machines are shown in Fig. 6.2.

Because the machining trials are designed to use machining parameters outside the
standard range considered for titanium alloys, it is necessary to check if the machine can
operate to provide the necessary torque, speed and feed rates required for these trials.
The main machine and machining variables are included in Table 6.1.
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Figure 6.2. Example of components that can be machined with Twin Face Turning
Machines.

Table 6.1. Dimensions and technical data of the HEYNUDISC, CNC Twin Face
Turning Machine.

VARIABLE VALUE

Main Machine Variables Centre line over shop floor 1850 mm
Max. workpiece diameter 1250 mm
Max. workpiece width 350 mm

Max.Torque 28000 Nm

Machining Variables Carriage travel Z-axis (From centre) 520 mm
Carriage travel X-axis 1275 mm
Max. Cutting Force 20000 N

Cross Feed Rate Range 0.1-400 mm/min
Longitudinal Feed Rate Range 0.1-400 mm/min

Main Spingle RPM range 3-355 RPM

For these trials, the maximum cutting speed required is 150 m/min. The worst case
scenario would imply that this linear cutting speed is applied at the shortest radial
position, which in the workpiece is 351.2 mm. The rotational speed required for this
case would be 136 RPM which is within the range provided by the CNC machine. The
required feed per revolution in this case is 0.15 mm/min which also falls within the
available optimal range of the CNC centre.

The forces exerted in the tool-disc interaction during the cutting process do not exceed
the maximum cutting force that the machine can withstand.However, the tool and tool
holder will act as mechanical fuses, before any damage is inflicted to the machine.

A custom fixture with intermediate pallets was used to clamp the rectilinear forging
to the main fixture attached to the lathe spindle . A schematic and a photograph of this
fixture outside the machine is shown in Fig. 6.3.
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(a)
(b)

Figure 6.3. 3D schematic of the custom fixture attached to the machine used to clam
the workpiece (a), photograph of the actual fixture used for machine the disc (b).

This machine uses a Siemens designed controller for operations model SINUMERIK
840 D sl.

6.4 Experimental planning
Performing these types of experiments requires extensive planning to be able to perform
the desired analysis but also to be able to extract as much information as possible from
the experiment. In order to carry out these machining trials, a suitable workpiece had to
be selected by Rolls-Royce. This is already a complex issue, because aerospace industries
are usually managed and the process engineered to maximise use of resources. These
components are very expensive and therefore, extracting one from the production line is
something that has to be planned in advance and also, it has to be valid to justify the
cost.

Moreover, the planning has to take into account the limited time to perform the ma-
chining operation to the designed final component geometry. Using a production slot
for machining a sample for scientific analysis implies that the production rate has to be
adjusted to take into account the machine time used for these trials.

Therefore an extensive scientific and machining planning has to be delivered before the
time for the trials is set.

The machining tests were divided into two different processes: machining the di-
aphragm and the outer bore separately.
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6.4.1 Diaphragm machining trials planning
The machining planning is designed to maximise the machined surface under controlled
parameters to expand the number of samples to be extracted and analysed from the
machined compressor disc.

The main objective is to study the effects of machining in an industrial scale facility in
the material to compare the differences in performance when machined under different
machining conditions. In order to compare the results of these tests against the previously
machined material, the same machining conditions had to be selected.

The machining steps for this operation were chosen carefully, considering all the pos-
sible variables. The first operation to consider in the design were the roughing processes
and to prepare the sample for the finish machining trials. However, the stability of the
component had to be taken into account. This is important in rotational components
that are relatively thin compared to their outer diameter or in components with a high
length to diameter ratio.

For these thin discs, the vibrations that occur while machining can influence the cutting
performance, inducing damage into the material or modifying the final geometry outside
of the desired tolerance range. This means that increasing the stability of the component
during machining is critical.

To diminish the deleterious effect of vibrations, discs of the same diameter as the inner
bore are included in the machine, thus clamping the disc and making the mechanical
system more rigid, modifying the natural frequency of the system and avoiding undesired
deflections at the thinner parts of the diaphragm.

However, the use of these fixtures called ”steadies” does not leave enough room to
machine the locations near the inner bore, and therefore all the machining operations
carried out in that area, have to be completed before installing the fixtures. An example
of the steadies installation is shown in Fig. 6.4.

Machining best practice recommends performing all the roughing operations in the
component before starting the finishing passes. This is normally done to save time and to
protect the final surface from damaging during consecutive roughing operations. However,
in this case the machining steps might seem counter-intuitive, from this point of view. A
breakdown of the machining steps workflow is detailed in the flow chart Fig. 6.5.



106 CHAPTER 6. ROLLS-ROYCE MACHINING TRIALS

(a)

(b)

Figure 6.4. 3D schematic of the steadies set up in the machine with no workpiece
loaded (a), and steadies installation with component loaded in a CNC Twin Face
Turning Machine DPN HEYNUDISC manufactured by HEYLIGENSTAEDT ®

Werkzeugmaschinen GmbH (b).

Load
Workpiece
in the

Machine

Inner Rim Lower
Diaphragm

Machining
Trials (1)

Load
Steadies Outer Rim

Upper
Diaphragm

Machining
Trials(2)

Figure 6.5. Machining operation sequence performed to maximise stability during the
tests.



6.4. EXPERIMENTAL PLANNING 107

Roughing process to increase diaphragm surface for coupon extraction

Based on the geometry of the as-received forging, the largest area to be machined is
the disc diaphragm. Therefore, this part is selected as the the main area to be ma-
chined. However, to be able to extract and analyse more coupons, the diaphragm area
was widened during the roughing operation. A schematic of the change in geometry
performed prior the machining trials is shown in Fig. 6.6.

Figure 6.6. Disc section as received with highlighted areas to be machined to widen
the diaphragm area (left), disc section before starting the machining trials (right).

This process is performed with a Sandvik Coromant ® RCMT 16 06 M0-SM 1105
roughing tool. This round tool provides higher toughness and a longer effective edge than
a standard insert for turning and hence, higher material removal rates can be achieved.
This insert is mounted for turning operations in a Sandvik Coromant ® C10-PRSCL-
70130-16C. Fig. 6.7 shows graphics representing the tool and the tool holder used for
roughing. Insert dimensions are shown in Table 6.2.
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(a)
(b)

Figure 6.7. Sandvik Coromant ® C10-PRSCL-70130-16C tool holder for turning
roughing operations (left), schematics of Sandvik Coromant ® RCMT 16 06 M0-SM
1105 roughing tool with geometries, dimensions, parameter recomendations and disc

machining schematic (right).

Table 6.2. Dimension values for tool insert Sandvik Coromant ® RCMT 16 06 M0-SM
1105 roughing tool.

CODE DIMENSION
BN 0.1 [mm]
GB 15 [o]
RE 0.794 [mm]
S 6.35 [mm]

The first consideration was to maximise the diaphragm area is to completely machine
the inner bore. This was recommended by the machining team at Rolls-Royce. This step
required machining 10.35 mm from each side. The average depth of cut in this case is 2.59
mm, which is within the optimal range of the selected insert. The schedule of machining
passes for the turning of the disc inner bore are shown in Fig. 6.8. The breakdown of the
machining passes for the roughing step. The final shape of the compressor disc after the
roughing process is shown in orange.
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Figure 6.8. Inner bore double turning machining operation performed in the
rectilinear forging with tools inserts to scale.

After finishing with the inner bore, the next step is to machine the excess material at
the interior part of the outer bore. A schematic of this operation is shown in Fig. 6.9.

Figure 6.9. Disc section as received with highlighted areas to be machined to widen
the diaphragm area (left), disc section before starting the machining trials (right).

These operations widened the diaphragm from an initial dimension of 126.3 mm to
209.8 mm, an increase of 40% respect the diaphragm length of the as-received component.
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The last roughing step is to prepare the surface of the diaphragm and to square it
from both sides, so that the depth of cut used to machine them during the finish and
turning study is as close as possible to the input command from the controller. This also
leaves both surfaces of the diaphragm disc parallel. The mechanical drawings for this last
operation can be seen Fig. 6.10.

(a) (b)

Figure 6.10. Mechanical drawings with the operations details preparing the
diaphragm surface before the finishing machining operation top (a) and bottom (b).

6.4.2 Diaphragm Extraction pattern
After the roughing operations, it is possible to calculate the positions where the coupons
will be extracted. There are 4 sets of machining parameters to be studied. The surface of
the diaphragm has to be divided to accommodate different machining tracks with enough
thickness to extract coupons from them.

The thickness of the diaphragm was divided into 7 tracks, machined at different cut-
ting speeds. The depth of cut and feed per revolution is kept constant throughout the
machining trials and the material removal rate is only modified by changing the cutting
speed in each track. The machining parameters used per track are shown in (Table 6.3.

Table 6.3. Sets of machining parameters selected per machining track in the disc
machined at Rolls-Royce.

Track Code ap [mm] frev [mm/rev] Vc [m/min]
1 (Towards Rim) 0.5 0.15 50

2 0.5 0.15 70
3 0.5 0.15 90
4 0.5 0.15 150
5 0.5 0.15 90
6 0.5 0.15 70

7 (Towards Bore) 0.5 0.15 50



6.4. EXPERIMENTAL PLANNING 111

The radial location and the speeds were selected in such a way to locate the standard
and more conservative machining parameters near the inner bore and the outer rim to
analyse any differences in behaviour between material extracted and machined from the
more extreme locations of the diaphragm. Because seven is the maximum number of
tracks to be machined, the maximum speed was the one selected not to have any extra
replicas per radial location.

Because of the larger surface in the outer track, it was considered to add as many
coupons as possible machined at the standard speed (50 m/min) to have a more detailed
analysis of the variations in performance. This meant that in the outer track, a total of
18 coupons will be extracted.

Moreover, another transversal coupon was added to each 40 degree section of the
coupon. This coupon was used to evaluate in a 4 point bend test, the simultaneous effect
of two different machining speed under the same identical stress regime and test.

A schematic of the track location within the expanded diaphragm is depicted in
Fig. 6.11.

Figure 6.11. Detailed extraction pattern of a 40 degree section of the disc diaphragm.

The thickness of each track was calculated as a function of the radial position and
the coupon width. A detailed mechanical drawing of the radial position of the designed
machining tracks is shown in Fig. 6.12. Note that a variable track thickness is needed to
maximise the coupon location within the available space.
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(a) (b)

Figure 6.12. Detail of the designed machining tracks with radial dimensions stated per
track (a) and complete coupon array designed to be extracted from the diaphragm (b).

The total number of coupons to extract per side is 81 giving a total of 162 samples to
be extracted from the disc diaphragm.

Because both sides of the disc are machined, to evaluate the effect of tool radius in
machining such components, a different tool radius tool has been selected to machine
each side.

A total of 9 radial locations separated by 40 degrees have been designed to maximise
the machined area.

6.4.3 Machining operations for controlled trials
For stability reasons, both sides have to be machined at the same time. In this case to
understand the effects of the tool radius two different tool with have been selected. The
sharpest tool has a radius of 0.8 mm whereas the blunter tool has a radius of 2.38 mm.

The blunt tool is a Sandvik Coromant ® N123H2-0475-RO H13A. Schematics and
geometries of this insert are shown in Fig. 6.13 and Table 6.4.
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(a)
(b)

(c)

Figure 6.13. 3D schematic of Sandvik Coromant ® N123H2-0475-RO H13A insert in a
right handed tool holder (a), photograph of a right handed tool and tool holder used for
the finishing controlled operation (b) and geometric dimensions of the sharp insert (c).

Table 6.4. Dimension values for tool insert Sandvik Coromant ® N123H2-0475-RO
H13A finishing tool.

CODE DIMENSION
AN 7 [deg]

APMX 2.2 [mm]
CDX 22.9 [mm]
CW 4.75 [mm]
RE 2.375 [mm]

On the other side of the disc, a sharper tool was selected. In this case, the tool
selected was a VNMG160408-MR4 883 manufactured by SECO Tools ®. Geometries and
schematics are shown in Fig. 6.14 and Table 6.5.
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(a) (b)

(c)

Figure 6.14. 3D schematic of SECO Tools ® VNMG160408-MR4 883 insert in a right
handed tool holder (a), right handed tool and tool holder used for the finishing

controlled operation (b) and geometric dimensions of the blunt insert (c).

Table 6.5. Dimension values for tool insert SECO Tools ® VNMG160408-MR4 883
finishing tool.

CODE DIMENSION
D1 3.8 [mm]

EPSR 35 [deg]
L 16.6 [mm]
IC 9.53 [mm]
RE 0.8 [mm]
S 4.76 [mm]
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The machining tracks were designed to be symmetrical on both sides of the disc, the
dimensions are shown in Fig. 6.12 and the cutting speeds in Table 6.3. A schematic of
the cutting speed used, the cross section geometry and the front view of the operation is
also shown in Fig. 6.12.

6.4.4 G Code used for diaphragm roughing and machining trials
The machine controller used in this machine (Siemens SINUMERIK 840 D sl) uses differ-
ent variables for both tools in order to program the movements of both tools. In a normal
lathe, the coordinates used for programming the movements in G-code are labelled as X,
Y and Z. Representing the X-axis the radial direction, Y-axis the perpendicular axis to
the X-axis in the rotation plane and the Z-axis being parallel to the longitudinal axis of
the component. Fig. 6.15 shows the standard axis labelling for a lathe.

Figure 6.15. Spatial axis labelling of a standard lathe for turning operation.

In this specific machine the axes are labelled different. The right hand side tool uses
standard X, Y and Z labelling for coding the movements for the machining operation,
while the left hand side uses variables such as U, V and W respectively for the mirrored
right hand side axes.

Moreover, the command codes are also different between both sides, while the right
hand side stays with the standard G for G-code commands and F for feed values, the left
hand side uses H and E respectively.

For each track, a new cutting edge was used, and therefore this had to be reflected on
the G-Code for the operator to replace the worn insert. At the end of each track, in the
code a pause line is introduced plus a dwell time for the operation to continue. A generic
example of this operation is shown in Fig. 6.16.
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Figure 6.16. G-Code example used for changing the tool tip between controlled
machining operations.

During machining and tool movement operations, instructions to both sides of the
machine are introduced in the code using the related variables for both sides. An example
of how a movement is program in a dual face turning machining CNC centre is shown in
(Fig. 6.17).

Figure 6.17. G-Code example used for tool movement and machining operations.

6.4.5 Outer rim machining trials and extraction plan
In order to understand the response of the material under machining parameters at an
industrial facility, while minimising the system vibrations, it is important to look to the
most stable face to be machined. For the geometry of a rectilinear forging, the most
stable face to machine is the outer bore of the disc.

To be able to perform a one-to-one comparison between the small scale testing, ex-
plained in the previous chapters, and the face turning tests carried out at Rolls-Royce,
the same machining conditions were selected. These parameters are shown in Table 6.6.
This machining operation was carried out in a Dean Smith And Grace (DSG) lathe
located in Derby at the Rolls-Royce machining facilities.

Table 6.6. Operation parameters selected for the machining trials performed at the
outer bore face.
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Dimension Value
Depth of Cut (ap) 0.5 [mm]

Feed per Revolution (frev) 0.5 [mm/rev]
Cutting speed range (Vc) 50-70-90-150(*) [m/min]

Although the selected maximum speed was set to 150 m/min, on site it was decided
to reach the maximum speed available for the machine at that specific radius. This final
speed was measured to be 255 m/min.

Four tracks were machined using each set of machining parameters on the outer bore,
and then nine rectangular samples were extracted from the outer bore. A schematic of
this process in depicted in Fig. 6.18.

(a)

(b)

Figure 6.18. Location of the outer bore samples with respect to the main rectilinear
forging component (a) and schematic and dimensions of a single sample from the outer

bore with the machined tracks highlighted with different hatch patterns (b).

Samples machined at the most stable surface allow a more detailed analysis of the
machining induced damage as a function of the machining variables. The extraction
of 9 samples is required to analyse the different levels of machining induced damage
as a function of the heterogeneous texture and angular position, developed during the
upstream primary and secondary forging processes.

The tool insert used in this case is a Sandvik Coromant ® CNMG 12 04 08-QM S05F.
A schematic and dimensions of this insert are shown in Fig. 6.19 and in Table 6.7.
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Figure 6.19. Tool insert Sandvik Coromant ® CNMG 12 04 08-QM S05F used for
machining the outer bore face of the disc.

Table 6.7. Dimension values for tool insert Sandvik Coromant ® CNMG 12 04 08-QM
S05F finishing tool.

CODE DIMENSION
IC 12.7 [mm]
LE 12.096 [deg]
RE 0.794 [mm]
S 4.763 [mm]

6.5 Swarf analysis
Analysing the swarf geometry of the chips produced at different parameters provides
information about the tool-material interaction and also allows to create a benchmark,
based on machining best practice, of the machining parameters used. Swarf was collected
from tests performed at 50, 70 and 90 m/min from both sides of the disc during the face
turning operations. This also provided insight about the effects of the tool radius on
swarf geometry and ultimately on the machining process itself.

Ideally the best type of swarf to be generated during processing is short, segmented
chip and with a small curling radius. This implies that the total weight per unit of length
is relatively high and therefore it is very easy to evacuate from the cutting zone. This type
of swarf geometry implies that less power is needed to perform the cut with consequent
effects of increased tool life. This kind of swarf is also closely related to lower cutting
forces and it is much easier to evacuate, than lighter chips. An example of an ideal chip
is shown in Fig. 6.20.
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Figure 6.20. Ideal chip geometry with small curling radius for Titanium 6246 alloy.

Swarf was collected at different cutting speed and tool radius combinations performed
on the production scale machine at Rolls-Royce. Examples of the swarf collected at 50
m/min are shown in Fig. 6.21.

6.5.1 50 m/min sharp vs blunt insert swarf geometry

(a) (b)

Figure 6.21. Swarf examples collected when machining at 50 m/min sharp tool (a)
and blunt tool (b), from the HEYNUDISC, CNC Twin Face Turning Machine .

The first important difference in the geometry of the chips generated using different tools
radius is the thickness of the chip, this is because of the different ratio between the depth
of cut (0.5 mm) and the tools radius (0.8 mm and 2.375 mm), respectively.

It is interesting to see how in both cases the tool radius is smaller than the depth of cut
for the finishing stage, which could be considered counter intuitive from the best practice
point of machining. In any case, different chip geometries are generated based on the
tool radius used at each side of the disc.
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As expected, the sharp tool generates a much thinner chip with a larger curling radius
(helix period). Because the chip weight per unit of length is quite low (i.e. thin chip) and
it has been work hardened by the severe plastic deformation of the machining process,
the local stiffness of the deformed chip can make a very long chip that in some cases can
produce what is called by machinists as a ”nest”. Nested chips can ruin the surface finish
and affect the tool material interaction and engagement.

However, no ”nesting” was reported during these machining operations. However, small
”proto-nests” were found when machining with the 0.8 mm tool radius at 50 m/min. An
example of this is shown in Fig. 6.22. The mechanism during this machining operation
avoids the creation of nests because the combination of factors such as the material that is
being machining and tool geometry make the ”proto-nests” heavy enough to make them
collapse before they are large enough to affect the machining process.

Figure 6.22. ”Proto-nest” created while machining with the 0.8 mm nose radius insert
at 50 m/min .

Conversely, the chips created by the blunter insert are much thicker and therefore
heavier. This solves the problem of nesting because their weight overcomes the stiffness
crated due to local work hardening which occurs during the chip formation and therefore
chip evacuation is easier.

In this case because of the large ratio between tool radius with respect the depth of
cut, it is expected that the use of a blunter tool for finishing operations can induce a
poorer surface finish. It also spreads the force applied through a larger area affecting also
the machining induced damage with respect a sharper tool.

At larger depths of cut, the ”nesting” effect is reduced. Examples of swarf collected at
70 and 90 m/min are shown in Fig. 6.23.
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(a) (b)

(c) (d)

Figure 6.23. Examples of swarf collected for different combinations of cutting speeds
and tool radius. 70 m/min and 0.8 mm (a), 70 m/min and 2.375 mm (b), 90 m/min

and 0.8 mm (c) and 90 m/min and 2.375 mm (d).

It is possible to see that the chip geometry generated by the blunter edge creates chips
that fall in the classification of long helical chips. On the contrary, the chips produced with
a sharper tool show a geometry which is farther from the ideal chip geometry dictated
by the machining best practice recommendations. These chips could be classified as
corkscrew chips with large tendencies to entangle.

A summary table in Fig. 6.24 is compiled next to show the effects of increasing cutting
speed and tool radius in the chip formation geometry for the experiments carried out.
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Figure 6.24. Compilation of examples of titanium chips generated by two tools with
different tool radius and at three different cutting speeds.

The effect of cutting speed on chip geometry is clear in the both tool radius selected.
The chip curling radius seems to be reduced with increasing cutting speed parameter.
This can improve chip evacuation and avoid nesting. In the other case, a larger tool
radius implies that the curling radius of the chip is much smaller. This combined with a
thicker chip implies that ”nesting” is less probable to occur with a larger tool radius.

6.6 Tool Damage Examples
Analysis of the tool used for machining the different tracks has been carried out to
evaluate the influence of the selected cutting parameters on tool life.
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Roughing steps were performed based on machining conditions that are already opti-
mised based on productivity and tool wear. This means that in most of the cases the wear
reported is very consistent to preserve the cutting edge and therefore maintain constant
cutting conditions.

An example of a Sandvik Coromant ® RCMT 16 06 M0-SM 1105 roughing tool is shown
in Fig. 6.25.

Figure 6.25. Sandvik Coromant ® RCMT 16 06 M0-SM 1105 roughing tool.

However, it is important to highlight that when machining titanium or nickel superal-
loys that have been previously forged, sometimes notch wear can be found even though
the machining parameters are optimised. This notch wear can appear also when the very
surface properties of the material are different from the subsurface layers, creating a hard
surface layer. This can be caused by previous machining passes, which makes sense dur-
ing roughing where the depths and feeds are larger compared to the finishing machining
steps.

Such notch wear is caused at the point of contact between the harder material and
the tool face, which highly stresses the cutting edge. An example of this type of wear
reported in one of the roughing inserts is depicted in Fig. 6.26.

Figure 6.26. Notch wear found in a Sandvik Coromant ® RCMT 16 06 M0-SM 1105
roughing insert.

Tool wear geometry analysis and has also been performed on the inserts used during the
controlled finishing operation at different cutting speeds and tool radii. As a reference,
the geometry of the initial shape of both the blunt and the sharp inserts ins included in
Fig. 6.27
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(a)

(b)

Figure 6.27. Macrographs examples of initial tip geometries of Sandvik Coromant ®

CNMG 12 04 08-QM S05F finishing tool (top) and SECO Tools ® VNMG160408-MR4
883 (bottom).

The next macrographs analyse the evolution of tool wear as a function of the cutting
speed. The analysis is separated based on the initial tool radius of the insert, comparing
the differences in tool tip geometries between the same types of inserts. Fig. 6.28 shows
the evolution of tool wear in the tool tip for the 2.375 mm tool radius insert.
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(a) 50 m/min

(b) 70 m/min

(c) 90 m/min

(d) 255 m/min

Figure 6.28. Macrographs showing tool wear evolution in SECO Tools ®

VNMG160408-MR4 883 insert as a function of the cutting speed.
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For this insert, tool wear increases with cutting speed. Although this is expected,
sometimes, due to the tool-material interaction this might not be the case. The wear
reported in the insert used for cutting at 50 m/min looks practically inexistent. This
is because the machining parameters are optimised from the point of view of tool wear,
so that the tool geometry lasts as long as possible while attaining the right mechanical
properties. In this case, productivity tends to be a second tier variable, especially in
aerospace critical components, where the material and mechanical properties tolerances
are extremely tight.

Between the tool wear measured at 50 m/min and 70 m/min , the damage observed is
not very different. In both cases, incipient built up edge can be seen although differences
seem almost negligible between both inserts. Differences between 70 m/min and 90
m/min are quite subtle, however in this case no built up edge is found, which clearly
seems that the tool material interactions dynamics have changed. A common practice
to avoid the creation of built up edge on the tool is to increase cutting speed. This fits
perfectly with the results found in the analysed inserts.

The insert used for cutting at 255 m/min shows severe damage on the tool tip (Fig. 6.28
d). This is expected, due to the high levels of energy at the cutting interface. This insert
also shows what can be considered a cutting edge breakage. However, it can also be
a combination of factors such as flank wear at the tip that increases the contact area
between the tool and the material. This initial damage then leads to other failure types,
such as slightly plastic deformation or even chipping. The final results of this process
ends up with a heavily worn tip with a total different geometry than the initial one.

Identical analysis can be carried out for the tool wear evolution for the Sandvik Coro-
mant ® CNMG 12 04 08-QM S05F insert. Fig. 6.29 shows the different stages for tool
wear for the previously mentioned insert.

Similar to the previous case with a blunter tool, the damage at lower cutting speeds is
almost negligible. This is due to the same reasons mentioned before. The edge is slightly
more worn in the case of 70 m/min compared to the 50 m/min case. The insert used at
90 m/min shows similar wear at the edge than the one used for machining at 70 m/min.

Finally, the insert used to cut at 255 m/min shows severe flank wear damage, this is
similar to the damage found with the blunter insert. The set of parameters used in this
case are completely outside of what is considered the normal range for this material or
insert, and therefore severe damage is induced into the insert that completely changes its
geometry

It is important to state that, no built up edge has been found in any of the analysed
inserts. This is because the contact area for a sharper edge is smaller, and therefore, all
the energy of the process in concentrated in a smaller volume of material.



6.6. TOOL DAMAGE EXAMPLES 127

(a) 50 m/min

(b) 70 m/min

(c) 90 m/min

(d) 255 m/min

Figure 6.29. Macrographs showing the tool wear evolution in Sandvik Coromant ®

CNMG 12 04 08-QM S05F insert as a function of the cutting speed.
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Although at slower speeds the tool wear damage is quite similar, is is important to
highlight that the total surface machined with every new insert is not as large as the
surface that a production insert will cover. Therefore the amount of damage after con-
suming the whole tool insert life will produce larger differences between the inserts used
at different cutting speeds.

6.7 Rotordynamics, natural frequency and chatter-
ing

Machining and workpiece stability are extremely important for excellent surface finish
results, tight geometrical tolerances and ultimately components performance. This is an
important aspect of machining with respect to large rotational workpieces where radius
to thickness ratio are quite large. As mentioned before, to avoid vibrations that can
affect the machining process in a deleterious manner, extra supports (’steadies’) are used
to avoid considerable vibrations. However, due to the size of these fixtures and the size
of the tool holders, they are not installed until the inner parts of the component are
machined. The issue is that the inner parts of the compressor disc geometry are the most
prone to vibration during machining.

The aim was to mitigate this by performing a twin face machining operation, with the
component machined form both sides simultaneously.

However, machining effects that occur when the machining parameters are optimised
(such as chattering), can occur because of the tool material interaction or also be pro-
moted by a non-stable component vibrating at certain modal frequency. This could cause
detrimental effects on the components performance.

Fig. 6.30 shows a representation of the deflections that can occur when this part is
machined while rotating. The outer part is mechanically clamped using a custom made
fixture while the inner bore is free during the first finishing machining stages.

Figure 6.30. Graphical representation of the disc locations that are more susceptible
to vibration problems when performing machining operations.
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It is important to note that the rotation of the component in the longitudinal axis
creates improved component stability. This is called in rotordynamics the ”Coriolis ef-
fect”, the same effects that occurs in gyroscopes. This effect can play an important role
in dampening certain frequencies depending on the actual component rotational speed.
Generally, a faster rotational speed can be considered as a safe way of reducing certain
vibrations, creating a more stable system that will maintain its geometry within the plane
defined by the rotational axis. This can be the case for machining compressor discs.

Because radial tracks of the disc diaphragm are machined at different cutting speeds,
by analysing the machined surface, information can be extracted about the effects of the
rotational speed on vibrations and ultimately on machining effects such as tool stability
and chattering.

Images of the different machined tracks were taken to compare the differences between
tracks that were machined using the same machining conditions but at different radial
locations. A comparison between the most inner and the most outer machined track,
both machined at 50 m/min are shown in Fig. 6.31.

(a) 50 m/min Inner track (b) 50 m/min Outer track

Figure 6.31. Macrograph comparison of the machined surface at 50 m/min at
different diaphragm radial positions.

The topography of the inner track is rougher than the outer track. This can be seen
on the light reflection of the surface. It is important to state that the feed per revolution
and depth of cut are exactly the same in both cases, which should produce an identical
surface topography and rugosity. This means that component stability is an important
variable that has to be considered when machining these large components.

Similar analysis is performed at 70 m/min. Although in this case the tracks are sim-
ilar in nature although, there are still significant differences in surface topography after
machining using the same machining parameters. This is depicted in Fig. 6.32.
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(a) 70 m/min Inner track (b) 70 m/min Outer track

Figure 6.32. Comparison of the machined surface at 70 m/min at different diaphragm
radial positions.

Interestingly in this case the differences are even clearer. Chattering is clearly visible
at the inner tracks. Chattering creates these surface topography features that look like
ropes. Chattering can negatively affect tool life by significantly increasing tool wear and
locally causing fatigue at the tool tip.

In the case of 90 m/min (Fig. 6.33), a similar situation occurs. Although it is not as
distinct as in the previous case, chattering also occurs at the inner track machined at 90
m/min.

(a) 90 m/min Inner track (b) 90 m/min Outer track

Figure 6.33. Comparison of the machined surface at 90 m/min at different diaphragm
radial positions.

No chattering has been seen when machining at 255 m/min, this supports the idea that
machining at higher speeds makes the machining process more stable, avoiding undesired
vibrations.

An example of the surface topography machined at 255 m/min is shown in Fig. 6.34.
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Figure 6.34. Machined surface topography of the track machined at 255 m/min.

6.8 Summary Chapter 6
This chapter explores the effects in chip formation and vibrations that occur when se-
lecting a faster cutting speed during the final machining operation in an industrial envi-
ronment. This experiment was carried out in Rolls-Royce ’s facilities in Derby, UK.

A compressor discs was modified and divided in different tracks that were machined at
different cutting speeds. Vibrations were found to be important when machining inner
parts of the diaphragm close to the inner ring, affecting the surface quality. Moreover, it
was also found that when machining at intermediate speeds, the tool interaction condi-
tions changed producing a poorer surface finishing and chattering. These vibrations were
not seen either at slow or at very high speeds.

It has been demonstrated that the production line machining centres are capable of
machining safely the compressor discs at speeds up to three times faster than standards
machining conditions. The lack of the vibrations at higher speeds was attributed to a
more stable disc rotated at larger RPM due gyroscopic effects.
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Chapter 7

In-Line Analysis of Cutting Forces
for Microstructure, Material
Characterisation and Component
Validation

7.1 Introduction
This chapter explores the analysis of the cutting forces during standard turning operations
in titanium alloys to gather information about the processing history and microstructural
features in order to infer the final components performance. This provides an analysis
technique that from a scientific standpoint is a destructive or almost non-invasive test,
however, from an industrial standpoint it is closer to a non-destructive analysis, because
the final part is not compromised.

The main goal of this technique is to provide information about the component or part
that is being machined without altering the processing parameters. This means that the
machining process is not affected. This is key for industry, because it provides insight
about the material while performing a standard in line analysis during an operation that
has to be carried out during the manufacturing processes, meaning that there is no time
loss.

Gathering information during the different manufacturing stages with this force feed-
back analysis (FFA) can be used to reject parts early in the production cycle helping with
the consequent cost saving in resources, testing and time in downstream stages, as well
as reassuring that the components that are passed to the next stages of the production
cycle will be more likely to meet the quality and standards criteria.

Another main advantage is that every single component is analysed, opposite to other
destructive techniques (batch analysis), where only a percentage of components are tested
and destroyed through sample extraction.

This analysis can be carried in situ during the machining process. The instant force
gathered through the sensor could be used to recalculate and modify the machining
parameters not only based on the alloy composition and processing route, but also based
on the local response of the material at any given time. These machining parameters can
be tailored to maintain the cutting energy independently in order to minimise machining
induced damage and reduce local chattering effects,....

133
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Two different flow charts show the implementation of these two ideas in a CNC ma-
chining centre are shown in Fig. 7.1.

(a)

(b)

Figure 7.1. a)Potential application for in-situ analysis and local tailor machining
parameters (in this case cutting speed) based on the force feedback response from the
underlying microstructure and b)Flowchart of in-line validation of components for a

standard roughing and finishing machining processes.

This chapter explores the technological development of this technique, from data gath-
ering using a high sensitivity dynamometer to measure the cutting forces as well as the
mathematical and materials science developments to analyse the signal and convert it
into an industrial user-friendly Non Destructive Evaluation (NDE) analysis technique.

Different titanium components at different production stages are analysed and a range
of forging and heat treatment conditions to explore the limits of this technique.

7.2 Specific Literature review on cutting forces and
energy

The analysis of cutting forces during machining processes has been a matter of study
for industrial and scientific purposes. This is because the variation in cutting forces can
be linked to tool wear and chip formation mechanisms, during continuous machining
experiments, instead of performing interrupted tests.
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Extensive research has been carried out relating cutting forces [126] [127] and tool
wear, however, the more complete tests are carried out internally by tool manufacturers
and data is not published. The same case occurs with chip formation mechanisms, where
even different types of coatings and coolants can drastically modify the tool-material
interaction.

For example Gonzalo et. al [128] used force signal fluctuations to understand and model
chip formation during milling processes. They provided a geometric approach, linking
chip thickness and rotating tool angle, however, there was no study of the material
microstructure. Modelling and experimental work for predicting cutting forces in milling
operation has also been carried out by Pan et al [129], however, in this case only average
cutting forces were analysed and calculated.

A similar situation is shown by Cedergren et al. [130], where a more extensive analysis
of the microstructure is performed and a relationship between the overall microstructure
of the machined (Ti-64) component and the chip formation was established, they used
only the average forces gathered to evaluate these differences, with no local information
of the microstructure that was being machined at any given time.

Linking cutting forces, machining parameters and tool wear in Ti-64 and Ti-5553 was
studied by Wagner et al. [131], and although they showed the different stages of tool wear
though cutting forces, they only show the average force at every stage with no study of
the fluctuations gathered through the dynamometer.

Analysis of cutting forces have also been carried out through a frequency analysis to
evaluate vibrations in the tool material interface, which is reflected in the forces. This
type of analysis is shown by [132] in machining as cast Ti-64 and evaluating the chip
formation mechanisms and chip geometry depending on the overall microstructure.

The starting point of this study was originally performed by Crawforth et al. [133] where
cutting force fluctuation gathered while performing turning operations were analysed and
linked with the upstream forging processes of a titanium billet.

Moreover, the effects in cutting performance based on the local crystallographic ori-
entation has been carried out. For example, Yuan et al. [134] studied the effects when
machining aluminium mono-crystal components, finding that cutting forces and chip
formation mechanisms are dependent on the relationship between the crystallographic
orientation and the cutting direction.

In a similar topic, Lee et al. [135], investigated similar effects when machining using
a face turning operation, single crystal copper coupons, whether or not only similar
results have been found with respect the crystallographic orientation and chip formation
as in [134], but a relationship between this and the surface roughness was dependant on
crystal anisotropy.

Finally Lawson et al. [136] showed the effects of cutting forces during machining opera-
tions performed in single crystal aluminium specimens and found a relationship between
the cutting forces and the variation of shear angle and modulus with the crystallographic
orientation.

In all these three micromachining papers ( [135] [134] [136]), the interaction volume
was smaller than the grain that was being cut, because the coupon was made of a single
crystal. However, this opens the possibility of performing microstructural analysis using
the cutting forces in polycrystalline materials, where a small interaction volume and very
precise sensors can provide enough detailed information to discern the different structures
that behave in a similar fashion while they are being cut.
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Moreover, in the case of titanium these variations have to be more pronounced because
of the important anisotropy of titanium HCP crystals. Not only in terms of slip systems
activated which depend on on the crystal orientation being cut, but also the significant
differences in Young’s modulus which depends on the angle between the c-axis and the
loading direction shown by Zarkades et al. [27].

7.2.1 Study of the interaction volume for polycrystalline mate-
rials

Studying the interaction volume size in these is important, because it will limit the the-
oretical maximum resolution of the analysis. Moreover, understanding how the testing
variables affect this volume, helps designing and optimising the testing variables to max-
imise the resolution and certainty, as well as and the amount of data that can be extracted
from the test.

Forces gathered during machining operations, if analysed as a whole, can be easily
linked qualitatively to the processing parameters and microstructure. However, if per-
forming a more local and precise analysis of the cutting force fluctuations based on mi-
crostructure analysis, accounting for every fluctuation of the force and FINDING its root
linked to only one independent effect of the machining process (i.e. chip friction, chip
breaking rate,...) makes the analysis much more complex.

However, if the machining parameters are carefully selected, it is possible to minimise
these machining dependant effects and maximise the actual response of the material
(dependant on processing parameters and original chemistry), and be able to extract
material’s information and analyse it from the cutting force data.

If considering a standard cutting operation with a depth of cut larger than the tool
nose radius, and adding the interaction volume of the chip formation mechanisms, the
calculation of the interaction volume its very complicated where most variables have to
be estimated in a finite element model calculation. This contact area is shown in Fig. 7.2.

Figure 7.2. Schematic showing the standard contact area geometry between a tool
and a thin workpiece of material without considering the chip against the tool rake face.

However, by selecting machining parameters that minimise the chip formation effects in
the cutting forces and also minimise the front part of the cutting edge area while cutting,
it is possible to approximate the contact in the vertical direction using the Hertzian
contact stress theory [137].
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For the interaction analysis of the tool and the material, a standard cylinder-plane
contact system is modelled, whereby the tool is represented by the cylinder and the
plane is the workpiece. In this case, the tool radius and the turned workpiece radius are
very different in magnitude, and therefore the workpiece is considered a plane. The top
cylinder represents the tool and therefore, it is modelled as a cylinder with a diameter of
2 rtool.

The equations below show the calculation process for the Hertzian stresses in these case
using testing variables such as tool radius (dtool), the Young’s Modulus of the tool and
the workpiece to be machined (Etool and Eworkpiece) as well as the machining parameters
such as feed per revolution (frev).

1
E∗ = 1 + ν2

tool

Etool

+
1 + ν2

workpiece

Eworkpiece

(7.1)

1
de

= 1
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+ 1
dworkpiece

= 1
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+ 1
∞

(7.2)

Then it is possible to calculate the half width of the contact area between the tool and
the workpiece (b) and the force exerted in the vertical axis (F).

b =

√√√√ 2 · F

π · frev

·
1

E∗
1
de

(7.3)

Hence the maximum pressure (P0) is calculated as in Eq. (7.4).

P0 = 2·
π · b · frev

(7.4)

And defining z as the distance to the contact surface, it is possible to calculate the
evolution of the three principal stresses (σx, σy and σz).

σx = −2 · ν · P0 · (
√

(z2

b2 )− | (z2

b2 ) |) (7.5)

σy = −P0 · ((2 − (z2

b2 + 1)(−1)) · (
√

(z2

b2 + 1)) − 2· | (z2

b2 ) |)) (7.6)

σz = −P0 · ((z2

b2 ) + 1)
1
2 (7.7)

These stresses can be combined using different criteria. If using Tresca’s method con-
sidering that the main stresses are σz and σy:

σ = 1
2

· (σz − σy) (7.8)

This stress profile can be used to estimate the actual interaction volume. To overesti-
mate it, it is possible to consider this interaction volume as the cylinder with length frev

and base equal to a circle with diameter equivalent to the depth at which the compres-
sive stresses equal σys. This can be contrasted with the grain size / features of interest
that need to be analysed, as well as the machining parameters and acquisition rate, to
maximise the amount of information that can be gathered through this technique.
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7.3 System implementation
The main goal for this system is to be as non-invasive as possible within the CNC machin-
ing centre and especially in an industrial environment. It is well known that extracting
samples from batches or to performing non-destructive tests (NDT) takes time and there-
fore productivity is slowed down. Another important point that is desired is that this
technique can be implemented in any standard CNC machine, so that there is no restric-
tion in the analysis of machined components.

And although machining processes are carried out through all industries and materials
and also at different stages of the manufacturing processes. This work is centred in
scientifically prove the validation and usage of this new technique, concentrating the
research effort in machining finishing passes.

The system introduces piezoelectric pressure sensors in-between the tool holder and the
shank/insert system. This is done using a dynamometer plate with this sensors embedded
and a rigid system that does not affect the stability of the cutting system.

7.4 Experimental set-up
The experimental set up consists of a dynamometer installed between the tool holder and
shank, and cutting insert assembly. A schematic of the installation is shown in Fig. 7.3.

Figure 7.3. 3D render of the exploded view of the Dynamometer installed in the tool
holder assembly.

The position of the tool for performing turning operation is not modified with the
installation of the dynamometer plate. Therefore, this system can be installed in any
CNC machining centre with standard connectors. In this case the system used for the
tests is a WFL M100 MillTurn CNC machining centre located at the Factory of the
Future in the Advanced Manufacturing Research Centre (AMRC) shown in Fig. 7.4.



7.4. EXPERIMENTAL SET-UP 139

Figure 7.4. Photograph of the WFL M100 MillTurn CNC machining centre located at
the AMRC.

The dynamometer installed in the moving arm of the machining centre is shown in
Fig. 7.5.

(a) Side. (b) Front.

Figure 7.5. Photographs of the dynamometer sensor installed with the tool attached
in the WFL M100 MillTurn CNC machining centre.

The dynamometer (Kistler 9129AA) uses piezoelectric sensors to measure small dif-
ferences in force during the cutting operation that are converted into a more powerful
analogic signals and ultimately into a digital signal that can be recorded by a computer.
The dimensions of this plate are shown in Fig. 7.6.
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Figure 7.6. Schematic with dimensions for a Kistler 9129AA (Kistler Holding AG).

This plate has 8 sensors in total, two are used for X axis (X12 and X34) another two
for the Y axis (Y14 and Y23) and four to measure forces in the Z axis (Z1, Z2, Z3 and
Z4) respectively. A schematic for the sensors is Fig. 7.7.

Figure 7.7. Schematic of the Dynamometer sensors and axis.

The shank and the cutting insert are attached to the dynamometer plate using a shank
housing that is shown in Fig. 7.8. The bolts used to attach this to the plate are specifically
hardened to make them more fragile than usual, and therefore act as as a mechanical
fuse and avoid damaging the dynamometer plate in case of any unexpected increase in
force. This avoids damaging the piezoelectric sensors embedded in the plate.
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Figure 7.8. Photograph of the tool holder and hardened bolts used to clamp the shank
(20x20 mm) to the plate.

The dynamometer plate is connected via a coolant proof wire with a rating of minimum
IP67 that transmits the signal from the plate. In this case a Kistler 1677A was used to
extract the data outside of the machine chamber. If using a machine with a relatively
large chamber volume an extension is required. In all these tests a Kistler 1678A10
extension cable was used.

These signals are transmitted to a Multichannel Charge Amplifier (Kistler 5070A),
where the calibration from pC to N is set per channel based on the range of forces
measured and then transferred to a Data Acquisition Box (5697A) so that the information
can be retrieved via USB and using the DynoWare software provided by Kistler.

A schematic of this connection and the actual set up is shown in Fig. 7.9.
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(a)

(b)

Figure 7.9. Schematic of the connections used to set up the dynamometer and gather
data (a) and actual set up of the signal amplifier, the DAQ box and the computer to

collect data (b).

The clamping system for the testing components is engineered depending on their
geometry. Most of the machined workpieces some in a cylindrical form and attaching
them to the main spindle is a standard procedure with hard or soft jaws. However, if
different solutions were used, they are explained at the specific section of the results.

7.5 Face Turning Tests
Two different face turning operations can be designed based on the performance of the
main spindle speed of the machine. If the command G96 is used, the machine will use
the radial position of the tool to keep a constant surface speed by modifying the RPM
of the spindle speed at any given time. However, if G97 command is used, the RPM is
kept constant throughout the test, and therefore the cutting forces increase towards the
centre of the machined face.
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This is important to understand in order to develop a mathematical approach that can
determine the actual position of the tool at any given time, and therefore synchronise the
test data gathered from the dynamometer with the actual position in the component.

7.5.1 Constant RPM Analysis Mathematical Development
Constant RPM tests are face turning operations that use G97 command in G code and
therefore the main spindle speed is kept to a constant value during the test.

With this in mind, it is possible to calculate the parametrisation of the actual position
of the tool as a function of time and machining parameters such as RPM and the feed
per revolution.

The data gathered through the dynamometer system provides a time stamp that indi-
cates the time for every single measured point. The main goal of this parametrisation is
using this time stamp as the main variable to calculate the radial position of the tool per
unit of time as well as its angular position. This ultimately is used to generate a polar
plot.

The tool path geometry with respect to the surface in a face turning operation is a
spiral which arms are equally spaced, which is considered an archimedean spiral. An
archimedean spiral is shown in Fig. 7.10.

Figure 7.10. Graph depicting an example of an archimedean spiral.

The equation of the archimedean spiral is defined by equation Eq. (7.9) in polar coor-
dinates where a and b are constants, r the radius and θ the angular position.

r = a + b · θ (7.9)
A face turning operation is performed from the outer radius towards the centre, and

therefore the direction of a standard archimedean spiral is inverted. This means that the
constant a refers to the outer radius (OR) of the component to be machined. The sign
in the equation is inverted, because the radius decreases with time.
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In this specific case, the space between the different arms is the feed per revolution.
This is imputted into the CNC controller, and therefore this is also the ratio at which
the radius is reduced per revolution. Then the value of parameter b of the equation can
be derived as follows.

b = feed[mm/rev] · RPM [rev/min] · 1min

60s
(7.10)

Combining Eq. (7.9) and Eq. (7.10) the relationship r(t) is described for any values of
OR and feed input as Eq. (7.11).

r(t)[mm] = OR[mm] − feed[mm/rev] · RPM [rev/min] · 1min

60s
· t (7.11)

The other main variable is the instant angle at any given time, but it has to range
between [0o-360o] restarting at any complete turn. Hence it is necessary to calculate the
truncated value of the number of turns performed at any given time. This is shown in
Eq. (7.12).

NTurn = math.trunc(RPM [rev/min] · 1[min]
60[s]

· t[s]) (7.12)

Then it is possible to calculate θ (t), where DPS stands for angular displacement per
second. Shown in Eq. (7.13).

θ(t) = (t(s) · DPS[o/s]) − (360 · NTurn) · (2 · π

60
) =

(t(s) · (RPM [rev/min] · 360[o]
60[s]

))

− ((360 · (math.trunc(RPM [rev/min] · 1[min]
60[s]

· t[s]) · (2 · π

60
)) (7.13)

Having the geometrical and time relationships of r(t) and θ (t) in the range [0-2π] it is
possible to correlate the value of the forces measured with the actual location based on
the initial machining conditions (RPM, initial radius (OR) and the feed per revolution
selected).

7.5.2 Constant Vc analysis Mathematical Development
Constant surface velocity machining is the standard operation in industry when perform-
ing face turning operations. This ensures that the linear cutting speed is kept constant
in the surface by modifying the main spindle speed based on the radial position of the
cutting edge. This is achieved using G96 command in G-code. In this case, the machine
controller uses the cutting edge position (ri) signal to calculate the instant main spindle
speed (Ni) based on the desired cutting speed input in the program based on Eq. (7.14).

Ni = Vc[m/min]
ri

· 1000 (7.14)
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The mathematical study for the parametrisation of the tool path with respect to the
workpiece surface starts with the analysis of the calculation of instant radial position as
a function of time. This is defined by the differential equation shown in Eq. (7.15).

∂R

∂t
= A · 1

R
where A = 2 · π

Vc · frev

(7.15)

∫
∂t = 2 · π

Vc · frev

·
∫

R ∂R (7.16)

t = 2 · π

Vc · frev

· frev · R2

2
+ C (7.17)

The constant C is calculated using the boundary conditions of t=0 and r=outer radius
(OR) (Eq. (7.18)).

C = 2π

Vc · frev

· (R2 − OR) (7.18)

Hence, it is possible to clear the parametrisation of the tool radial position as a function
of time, and this is shown in Eq. (7.19).

R(t) =
√√√√Vc · frev

π
· ( 1

Vc·frev

2π

· (OR2

2
) − t) (7.19)

The theoretical evolution of the radius as a function of time for constants OR = 126
mm and cutting speed (Vc) of 50 m/min is shown in Fig. 7.11.

Figure 7.11. Graph showing the evolution of the radial position of the tool towards
the centre of the workpiece as a function of time during a constant surface speed facing

operation.
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However, this parametrisation is an ideal mathematical analysis of a perfect machine
that can provide infinite RPM. It is important that for physical and safety limitations
this is not possible. The machine main spindle sets the maximum RPM that can be
delivered, however, even in the G code it is possible to set this limitation to a lower RPM
value if necessary. This is done using a G50 S#### where(####) is the maximum
limit RPM for that specific program or machining operation. This is called the RPM
saturation limit (RPMsat).

Therefore, for this specific case the parametrisation has to be modified based on this
RPM value as follows in Eq. (7.20).

if t < t(RPMsat) → R(t) =
√√√√Vc · frev

π
· ( 1

Vc·frev

2π

· (OR2

2
) − t)

if t ≥ t(RPMsat) → R(t) = OR[mm] − frev[mm

rev
] · RPM [ rev

min
] · 1[min

60[s]
· t

(7.20)

An example of the parametrisation based on the machining parameters and the RPM
limitations is shown in Fig. 7.12

Figure 7.12. Graph depicting the evolution of the radial position of the tool towards
the centre of the workpiece as a function of time during a face turning operation,

considering machine RPM limits.

7.5.3 Standard OD Turning Mathematical Development
To develop the parametrisation of a simple turning operation of a cylindrical workpiece
where the depth of cut is kept constant, a similar approach to the facing operations has
been followed.
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The tool path has been parametrised to be able to synchronise the force values with
the exact physical locations on the cylindrical surface. In this case a cylindrical spiral
(helix) represents the tool path over the surface,in which the period depends on the feed
per revolution.

The tool velocity in the longitudinal axis of the cylinder depends on the surface speed
input in the CNC controller, the radius of the workpiece and the feed per revolution. The
tool advancement (z) in mm can be calculated based on these parameters as follows in
Eq. (7.21).

z(t)[mm] = frev[mm/rev] · RPM [rev/min] · ( 1
60

) · t(s) =

frev[mm/rev] · OR[mm] · 10−3

V c[m/min]
· ( 1

60
) · t(s) (7.21)

The angular position of every turn can be also be calculated based on this input
parameters and the instant (z) position calculated from Eq. (7.21).

θ(t) = RPM [rev/min] · 2 · π

60
· t[s] − Nturn · (2 · π)[rad] (7.22)

Where Nturn is defined in Eq. (7.23).

NTurn(t) = z(t)[mm]
frev[mm/rev]

(7.23)

7.6 Machine description WFL M100 millturn
The machining CNC centre used for performing CNC machining trials WAS a ”WFL
M100 turning-boring-milling centre” housed at the Factory of the Future, part of the
Advanced Manufacturing Research Centre. This is a large turning-boring-milling centre
that has the capability of machining large components and performing roughing and
precise finishing machining stages with high levels of precision. The capabilities of the
machine used for performing these tests are summarised in Table 7.1 .

Table 7.1. Dimensions and technical data of the WFL M100 machining centre
installed at the AMRC.
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WFL M100
X-Axis travel 900 mm
Z-Axis travel 5700 mm

Max Spindle Speed Turning 1600 RPM
Milling 6000 RPM

Max Spindle Torque Turning 5290 Nm
Milling 315 Nm

Max Spindle Power Turning 71 kW
Milling 30 kW

Max Workpiece Size Turning Length 5200 mm
Centre Distance 500 mm

Fig. 7.13 shows the machine and details the types of components that can be machined
in this kind of centres installed in the main spindle.

This machine was selected as it is one of the most accurate machines available at the
Factory of the Future in the AMRC for these types of machining processes. Moreover,
this machine can deliver a much larger torque and power needed for finishing machining
steps. This is important, because this means that, even though the required power for a
finishing operation is not at the same level, as for example, rough machining. The torque
exerted by the main spindle during the test is constant, and therefore this avoids cutting
noise force fluctuations in the dynamometer which are not related with the microstructure
of the material.

7.7 Calibration curve for machining CNC centre (WFL)
In order to perform a proper synchronisation of the data gathered during the machining
operation, it is necessary to analyse the accuracy of the machining CNC centre to be able
to perform a 1-to-1 correlation of the forces measured with the machined component.

In the simplest machining test, where the RPM is kept constant during the complete
operation, it is normally considered that the actual RPM input in the machining controller
is delivered by the main spindle. The real instant rotational speed delivered by the
machine depend on certain variables that modify the actual rotation rate of the workpiece.
These variables are:

• The rotational inertia of the workpiece that is being machined, which depends on
its geometry and weight.

• The main spindle electric motor pole configuration.

– The maximum torque available.
– Maximum RPM available.

• Gear system and transmission efficiency of the lathe’s gearbox.

• The electronic controller and driver system.
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(a) WFL machine installed at the Factory of the Future (FoF) in the AMRC.

(b) Detail of the interior with a rotative component after it is being machined (Courtesy of
WFL Millturn Technologies GmbH & Co.KG).

Figure 7.13. Photograph of the WFL M100 turning-boring-milling centre machine
model used for the trials.
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Most of these effects in the output RPM variation can be minimised by using machines
that are significantly more powerful than the energy required to perform the machining
operation.

Even though CNC machining centres are extremely accurate from the point of view
of machining science. When performing this force analysis and trying to correlate the
results with microstructural features, with a relatively small size, it is necessary to study
the behaviour of the system and its inaccuracy to provide the most exact analysis.

7.7.1 Physical Effects and possible errors when parametrising
tool path during turning operations

A mathematical parametrisation of the tool path based on the machining input parame-
ters provides a theoretical function that determines the instant position of the tool with
time. However, this approach assumes that the machine can provide instant control of
all the parameters involved in the machining process, yet neglects the feedback compu-
tational time needed to adjust the actual machining parameters to the input ones in the
controller. This means that the real position of the tool with respect to the theoretical
position calculated can vary based on certain variables.

Moreover, depending on the type of operation that is performed, the error varies. In the
case of a constant surface speed analysis, the machine has to increase the spindle speed
as a function of the radial position of the tool to maintain a constant surface speed.
Therefore the machine has to provide enough power to the main spindle to increase
the RPM in an accurate manner. Moreover, because the feed is inputted in feed per
revolution, the feed speed and instant rotational speed are interdependent, which makes
this error more unstable and not only dependant on physical variables, but also of the
electronic controllers that provide instructions with the calculated instant RPM and feed
speeds.

One of the main physical variables that affect this process is the rotational inertia of
the component to be machined. This is a key variable that influences the ability of the
system to perform as intended based on the input parameters.

For example, in a standard turning operation where the OD is being machined or in a
face turning operation performed at a constant RPM, the actual energy supplied by the
system to rotate the main spindle depends on the slight variations of the cutting force.
This means that the amount of energy supplied to the main spindle is more constant and
where the rotational inertia of the sample can even help smoothing the RPM output,
reducing the theoretical vs. real error of the actual tool location at any single point.

However, in the case of a constant surface speed, the mathematical parametrisation of
the tool path is not as accurate as the real instant position. The real spindle speed has
to be increased as a function of the radial position of the tool. Because the feed is given
in feed per revolution, the acceleration rate of the main spindle is not constant, and also
an amount of energy that has to be supplied to the main motor. This means that the
system formed by the electronic controller, the gear system, the sample geometry and
weight and the electric motor is under constant changing variables, which means that the
actual spindle speed is not the same that the input value.

This implies that based on these variables and physical limitations, the actual RPM
provided by the CNC machining centre will either (i) lag behind the theoretical positions
when the feedback is not calculated and applied at a necessary rate or (ii) move ahead,
depending on the motor-electronics system precision.



7.7. CALIBRATION CURVE FOR MACHINING CNC CENTRE (WFL) 151

7.7.2 Calibration curve calculated for constant RPM test face
turning test and standard turning operations

In order to study the differences between the input RPM value using a G97 code in G
code, and the actual RPM delivered by the system, a cylindrical workpiece with a scribed
radial notch was face turned, and the fluctuations produced in the force signal by the
radial notch were used as indicators of the actual rotational speed. This procedure was
carried out at different input speeds.

The result of these measurements is shown in Table 7.2.
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Table 7.2. Differences between the input RPM and the measured rotational speeds in
the CNC machining centre main spindle.

Input RPM Delivered RPM Error (%)
20 19.99 0.045
32 31.99 0.047
62 61.97 0.048
100 99.95 0.047
137 136.94 0.047

Average Error 0.05

The average error across the full range of the tested RPM values is 0.0469%, which is
completely negligible from the point of view of any machining operation, as these fluc-
tuations will not affect materials performance or precision machining operation and the
geometric tolerances. However, for the precise analysis of force fluctuations and its syn-
chronisation of these fluctuations, the measure of this error this is critical.

The mathematical definition of an archimedean spiral can be considered an ”ill-defined”
mathematical problem when aiming for an exact synchronisation between the data and
the tool position. Any slight variation on the initial parameters for the spiral implies
that the real tool path and the parametrised one are not the same, and therefore, all
the data is distorted and the accuracy of the analysis is lost. This is because errors are
accumulated every rotation when the spiral is generated, and therefore, the exact RPM
at which the test is performed has to be known.This means that this accuracy study is
necessary to perform a microstructural force feedback analysis.

Note that for maximising the resolution in this machining experiment, the feed per
revolution is set to a relatively small value. This means that any small error in the
synchronisation between the real tool path and the calculated one, will distort the force-
location synchronisation. As an example, next figure shows two archimedean spirals with
values of a (1 and 1.1) and b (1 and 1.1) respectively. Note that after a few turns the
location of the spiral is completely different (keeping the angular position constant). This
is shown in Fig. 7.14.

Figure 7.14. Example of two archimedean spirals plotted with identical angular
positions and similar plotting parameters a=1, b=1 black and a=1.1 and b=1.1 blue).
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7.8 Force Feedback trials, proving the technique
The science behind the trials and experiments explained in the next points shows the
application of the theory developed in the previous sections to perform microstructural
and material characterisation using the information gathered throughout the analysis of
the cutting forces.

The main idea behind this test is to plot the forces collected with a dynamometer to
map the cutting forces in the exact locations at which they were recorded. If this is
done with an accurate device and it is analysed and plotted with enough accuracy, it is
possible to analyse the material that is being cut and extract valuable information during
a standard machining operation.

A set of different titanium billets and components were analysed using standard turning
operations to validate the effectiveness of this technique under different parameters (e.g.
tool type, sets of machining parameters, workpiece chemistry and workpiece processing
history).

7.8.1 Ti-17 Billet
The first analysis performed using the methodology explained in the previous points, was
carried out in a Ti-17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) which was supplied by TIMET UK Ltd.
This billet was processed over the beta transus temperature (T>890.5 o C). The diameter
of the machined billet was 117 mm.

Microstructural Analysis

Carrying a microstructural analysis of the machined component provided valuable infor-
mation not only about its processing history, but also about the machinability perfor-
mance and variables that can affect the different machining forces gathered in the three
spatial axes during the machining operation.

To measure the prior beta grain size, an as-machined surface after a finishing pass
was dark etched by Timet Ltd. using a mixture of HF and lactic acid. The beta grain
structure was revealed and is is shown in the Fig. 7.15 micrograph.

Figure 7.15. Dark etching of an as-machined surface of this Ti-17 billet, using a
mixture of HF and lactic acid, revealing the prior beta grain structures.
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Prior beta grain size was performed using a complete macro etch of the billet and the
average prior beta grain size was determined as 1360 µm. the volume fraction of α and
β was measured to be 55.60% and 43.30%, respectively

Further microstructural analysis was performed using backscatter electron miaging in
a scanning electron microscope (Inspect F50), located at Sorby Microscopy Centre at The
University of Sheffield. Two examples are shown in Fig. 7.17.

(a) Magnification 1200X. (b) Magnification 10000X.

Figure 7.16. Ti-17 microstructure under BSE imaging at different magnifications..

These micrographs show that the developed transformed structure within the prior beta
grains is a Widmanstätten alpha. The measured ratio of phases performed at various
magnification levels revealed a composition of 70-80% α at room temperature. The
average alpha lamellar thickness was also measured with a dimension of 1.13 µm.

Ti-17 Force feedback analysis

In Fig. 7.17, the Ti-17 billet is shown to be clamped using hard jaws at the main spindle
of a WFL M100 MillTurn CNC machining centre.
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(a) Front. (b) Side.

Figure 7.17. Photograph of Ti-17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) billet clamped prior to
machining at the AMRC for performing the Force Feedback Analaysis.

The tool used in this study was a Sandvik Coromant ® CNMG 12 04 08-SM 1115
T-Max� P insert for turning. The dimensions are summarised in Fig. 7.18 and Table 7.3.

Figure 7.18. Sandvik Coromant ® CNMG 12 04 08-SM 1115 T-Max® P for turning.

Table 7.3. Dimension values for tool insert Sandvik Coromant ® CNMG 12 04 08-SM
1115 T-Max® P for turning.

CODE DIMENSION [mm]
LE 8.5
IC 12.7
RE 0.794
S 4.763

Before performing any test, the billet was machined to ensure that no eccentricities
with respect the rotation axis remained, and also to make sure that the billet face was
perpendicular to this axis.

Such preparations are essential in any turning operation, regardless of the machining
process, in order to normalise the shape of the billet based on the clamping system of
the machine. After these preparations, the machining parameters can then be inputted
in the machine (e.g. depth of cut) with a high level of confidence.
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Moreover, in order to make sure that the force signal and the mathematical code was
working correctly, a radial line of 0.8 mm of width was inscribed on the face of the billet.
This line also helped to measure the actual RPM of the machine, because the large
perturbation that was created in the force signal gathered through the dynamometer,
will occur only once per revolution. This 0.8 mm milling tool is shown in Fig. 7.19.

(a) Detail of the tool
inserted in the tool holder.

(b) Tool installed in the secondary spindle of the machine.

Figure 7.19. Photograph of a 0.8mm mill tool used for machining a radial notch in
the Ti-17 billet.

As explained in Section 7.2.1, the machining parameters are selected in order to min-
imise secondary effects such as chip breaking and vibrations. That is the reason why the
depth of cut and feed are relatively small compared to standard machining operations.
However, the machining parameters used are not far from standard machining finishing
operations for titanium alloys.

The constant RPM test performed in this billet are summarised in table(Table 7.4).
Table 7.4. Machining parameters used for testing the Force Feedback analysis on

Ti-17.

Test ap [mm] feed [mm/rev] N [RPM]
1 0.1 0.15 137
2 0.1 0.1 70
3 0.05 0.1 32
4 0.05 0.1 64
5 0.05 0.1 100
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After selecting the testing parameters and knowing the total time of the test, the data
acquisition rate can be selected. In this case the data acquisition rate was set at 20
KHz. Considering a test with RPM of 62 and a feed per revolution of 0.1 mm and that
the dynamometer has 8 different channels (4 for the Z axis, 2 for the X and 2 for the
Y), the resolution in the radial direction is given by the feed per revolution value (100
µm) whether the circumferential resolution is set at 107.2 µm at the outer radius and
increasing by the ratio of 58.5 : R there R is the instantaneous radius in mm. This is
because the test is performed at a constant RPM and therefore the arc lenth per unit
time is decreasing towards the centre, hence increasing the points per unit length towards
the centre.

The G-code for the face turning operation at constant RPM included a ”pause” so that
the machining program and operation, and the data acquisition of the force values can
be synchronised in time.

The force data exported through the dynamometer consists of a stream of data where
the time stamp and the three forces (Fx,Fy and Fz) are also included and synchronised
with this time stamp.

In the case of a face turning operation, considering the dynamometer axis, Fx corre-
sponds to the feed force, Fy represents the cutting force and Fz is the longitudinal force,
which is parallel to the workpiece rotational axis. An example of the values of the forces
gathered through the dynamometer is shown in Fig. 7.20.

Figure 7.20. Detail of the force signals collected during one second while performing
the machining operation of Ti-17 billet. The Perturbation of the notch is highlighted.

The first important point that can be extracted is that the scribed line machined in the
radial position is creating a notable perturbation every rotation. Moreover, it is possible
to see that even though the forces are quite constant in the regions between notches,
there are perturbations that can be analysed and that could provide information about
the material and/or its processing history.

These fluctuations are highlighted in a span of 60 ms testing time. The graded colouring
in Fig. 7.21 has been added to help distinguish the high force regions from the low force
parts of the signal.
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Figure 7.21. 60 ms / 24 mm of force signal in the longitudinal axis with the period of
the signal compared with the average grain size measured for this Ti-17 billet.

Fig. 7.21 highlights the fluctuation of the forces, it is important to note that the
fluctuations that are shown in this scale of 60 ms / 24 mm are a similar size range than
the prior beta grains measured in the microstructural analysis (Fig. 7.15) .

With this information per spatial axis and the mathematical parametrisation of the
tool pat, it is possible to perform a plot of the exact location of the tool at any given
time and use colour as the third axis to plot the differences in the magnitude of the force.

However, as a result of the scribed line on the face, it is possible to check that all the
points are plotted at the right location, because it is a well known geometrical feature
that creates a noticeable perturbation in the signal force.

Moreover, performing a constant RPM test does not create a constant increase in force
towards the centre, as is expected. Instead, the forces remain within the same limits
during the majority of the test.

This is shown in Fig. 7.22, where the main regions of the force are highlighted. Please
note that even though the test is performed at constant RPM, there is virtually no drift
on the cutting performance for the majority of the test, even though the actual surface
speed decreases when the tool approaches the centre of the workpiece.

Figure 7.22. Evolution and force regions during a standard face turning operation
under constant RPM.

Fig. 7.23 shows the force fluctuation while face turning the Ti-17 titanium billet in the
X axis (Feed Force), Y axis (Cutting Force) and Z axis (Longitudinal Force). The fourth
diagram is the mathematical calculation of the modulus of the resultant force using the
data form the three other axes. These diagrams are unique to this particular sample,
analogous to fingerprints.
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(a) Feed Force (b) Cutting Force

(c) Longitudinal Force (d) Magnitude Force

Figure 7.23. Force feedback ”Fingerprint” diagrams reconstructed using the force
fluctuations gathered during the machining process of Ti-17 processed in the Beta

region (plot 1 of 30 points).

Figure 7.24. Fingerprint diagram reconstructed through the force signals collected
during the cutting process compared with the microstructures revealed with the macro

etch of the machined surface.
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These features that are highlighted in the previous diagrams, which are plotted 1:1
scale, compared to the machined sample are in the same size range and shape as the
prior beta grain size analysed in the microstructure analysis. However, to perform a
more in depth analysis, to understand the nature of this fluctuations in the force, a
macro-etch was performed on this billet to match the microstructural features with the
reconstructed fingerprint diagrams. These were reconstructed through the force signal
gathered, as shown in Fig. 7.24 and a more detailed image of this comparison is shown
in Fig. 7.25.

Figure 7.25. Detail of Ti-17 Etched microstructure compared with the reconstructed
diagram, grain size measurements have been performed and measured in both exact

locations.

The features that appear in the reconstructed fingerprint diagrams closely match with
the prior beta grain size structures that are revealed with the dark etching. This means
that the prior beta grains act as structural units during machining operations. Moreover,
the microstructural analysis revealed that colonies were not developed during the β to α
transformation.

However, it is important to analyse the contact volume of the tool and the material.
This depends on the machining parameters and the tool radius selected for the operation.

A simple calculation can be performed using the Hertzian stress contact theory, ex-
plained in Section 7.2.1. In this case, if calculating the evolution of the compression in
the perpendicular axis to the surface, most of this compression occurs in the top 0.1-0.2
mm from the surface. In comparison with the actual prior beta grain size (1.36 mm) it
is possible to conclude that the reactions in the force are exclusively from inside a prior
beta grain, rather than groups of structural/machining unit sizes.
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However, it is important to address that the actual force signal does not look like
a standard square wave signal, where the microstructural features that have a distinct
force response are perfectly separated. Even though the interaction volume is noticeably
smaller than the actual grain size of the sample, there are regions where there are prior
beta grain-to-prior beta grain transitions, where the force in those cases does represent
an average of the forces between those two structural features.

A schematic representing the microstructural features, the tool radius and the contact
pressure under the same scale is shown in Fig. 7.26.

Figure 7.26. Microstructure machined Ti-17 billet with prior beta grains highlighted
and tool radius at the same scale, detail of Widmanstätten acicular alpha laths in the

analysed microstructure and force axes for reference. Hertzian pressure profile
calculated is shown at the left .

If we consider the grain volume as a sphere with a diameter equal to the average grain
size, and the interaction volume as a sphere which diameter is defined as the depth,
where the compressive stress level equals the yield strength, the interaction volume only
represents 1-10% of an average grain volume.

To synchronise this data it is key to understand the accuracy of the machine. Due to
the radial scribed line machined on the billet this can be checked. Fig. 7.27 shows the
effects of using the right input parameters when generating the theoretical parametrised
tool path. Note the differences in results when only modifying the input RPM. The
results in Fig. 7.27 are from a test carried out with a rotational speed input in the CNC
machine controller of 70 RPM.
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(a) 69.9 RPM (b) 69.967 RPM

(c) 70 RPM (d) 71 RPM

Figure 7.27. Fingerprint reconstruction using the longitudinal force signal, with
different input parameters for parametrise the tool path using the same stream of data

for a test carried out at 70 RPM.

Note the shape of the radial notch machined at 69.9 RPM the actual parametrised tool
path lags behind the actual position of the force, and therefore, the straight line curves
forward. If the machine produced the exact RPM input in the controller, the 70 RPM
diagram should be the one showing the scribed line straight. However, because it shows
the line curving backwards, the parametrised tool path at 70 RPM lags forwards with
respect to the real one. This allows us to calculate the real RPM and therefore calculate
the exact tool path so that the plot shows all the features with the right geometry, such
as the scribed line on the billet face. In this specific case, the real RPM is calculated as
69.967 and it is shown in Fig. 7.27 b. Moreover, to show how sensitive this process is to
the input RPM when plotting the results, Fig. 7.27 d shows how the result of not plotting
the information correctly when parametrising the tool path with only 1 RPM more than
the real rotational speed.

To be able to perform this analysis at different rotational speeds and with other samples
and materials, a calibration curve has been calculated and it is found in Section 7.7.2.
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However, the resolution of this test is not only affected by the machining parameters
and the acquisition rate, but also by the tool material interaction. A non-optimised
chip formation can affect tool wear and hence the differences in the cutting forces vary
throughout the test. This creates features on the reconstructed diagrams that do not
represent microstructural features of the workpiece.

Fingerprint diagrams reconstructed at various machining parameters are shown in
Fig. 7.28.

(a) Longitudinal Force signal ap= 0.05 mm,
feed=0.15 m/rev, 100 RPM

(b) Longitudinal Force signal ap= 0.05 mm,
feed=0.15 m/rev, 64 RPM

(c) Longitudinal Force signal ap= 0.1 mm,
feed=0.15 m/rev, 137 RPM

Figure 7.28. Force Feedback ”Fingerprint” diagrams reconstructed at various
machining parameters.

These examples shown before show how the machining parameter variation and the
modification of the tool-material interaction, change the cutting performance. It is im-
portant to address that in the regions where there are not important disturbances in the
force, the actual features are replicated, so it is possible to say that this test is replicable.

It is important to note that in all the cases, the acquisition rate was the same, however,
the resolution is reduced when machining at higher feeds or RPM.
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The concentric circles that are shown in Fig. 7.28 b and c, represent a combination
of tool wear and/or swarf nesting on the tool tip/build up edge. This is affects the tool
tip geometry, effectively blunting and resharpening it, with the consequential change in
forces. A detailed diagram of this effect is depicted in Fig. 7.29.

Figure 7.29. Highlighted area of the fingerprint diagram where tool wear and its
effects can be seen in force and resolution.

This is an expected effect because if the tool tip gets blunter, the contact area and th
friction force increase. Therefore, the cutting forces increase in these regions.

Resolution Analysis (Ti-17 Example)

Although we analyse the force feedback collected through a dynamometer, this work is
centred in understanding these fluctuations based on the microstructural features, it is
important to highlight that ultimately, this is also a signal analysis problem.

This Ti-17 force feedback test helped understand how the sampling rate affects the
resolution of these tests. In order to work with the maximum resolution, the acquisition
rate was set to a very high value (20 KHz). However, it is possible to post process this
data to mathematically reduce the sampling rate, and perform calculations at a much
faster rate with much smaller datasets.

(Fig. 7.30) shows the effect on the signal resolution when reducing the sampling rate
by 2,5,30 and 100 times, respectively.
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(a) 10 KHz example (b) 4 KHz example

(c) 667 Hz example (d) 200 Hz example

Figure 7.30. Force Feedback Plots depicting the effects in the resolution analysis when
reducing the sampling rate 10 K, 4 K , 667 and 200 Hz respectively.

This resolution analysis takes the average of a certain number of points, which is
converted into the value of the average position of those averaged points. Performing
this mathematical analysis acts as a ”pre-filter” of the signal data, where high frequency
vibrations start to disappear. This is clear when analysing the force signal fluctuations
that appear right after machining the scribed notch. In Fig. 7.30, these vibrations appear
in the next 3-5 o sector, and they are attenuated when plotting data gathered at lower
acquisition rates.

Moreover, when performing the analysis with relatively low acquisition rates, the effects
of the differences in resolution between the outside and inner parts of the turned face are
more visible. In this specific case, the point size when plotting was increased to avoid
having plot locations in white.

This resolution analysis proves the point that depending on the size of the features of
interest, it is key that the acquisition rate and the machining parameters are selected to
provide the necessary resolution.
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7.8.2 Ti-54M Force Feedback Analysis
Similar analysis has been performed in a billet supplied by Timet Ltd. This alloy was
developed in 2003 to improve formability, reduce the flow stress at forging temperatures
and its superplastic capabilities [138]. The main objective for the development of this
alloy is to compete with Ti-64 [139], which shows allegedly poorer machinability.

The force feedback analyses carried out in this billet are more centred in understanding
the effects of the texture developed from the upstream forging processes in the cutting
forces.

This Ti-54M billet has undergone a heat treatment with a mill anneal at a temperature
of 700oC for a duration of 8 hours followed by an air cool to room temperature. This
heat treatment is designed to prevent the growth of the beta phase, for this specific case
the microstructure shows approximately 70% of α phase with a 30% of primary α grains.
The microstructure of this analysed billet is shown in Fig. 7.31.

Figure 7.31. Backscattered electron micrograph of Ti-54M microstructure of the
analysed billet [140].

The forging route that is used (strain and temperatures) is part of the technological
intellectual property developed by Timet Ltd. to forge their titanium products. However,
a simulation of the strain that is induced in the cross section of the billet during the
primary forging was provided to compare the results gathered through the force feedback
analysis. Normally titanium VAR ingots are open die forged to reduce its cross section and
to improve their mechanical properties by breaking down the ”as-cast” microstructure,
which shows chemical segregation and poor mechanical properties. However, during this
process, the strains that are induced are not homogeneous, which influence the local
mechanical properties within a component.

This simulation was produced using the commercial software DEFORM. The strain
pattern induced into the cross section during the primary forging was simulated, see
Fig. 7.32
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Figure 7.32. DEFORM simulation of the heterogeneous strain pattern induced during
the primary forging when manufacturing this analysed Ti-54M billet.

The billet provided has a diameter of 240 mm, and was machined in the same CNC
machining centre as the previously analysed Ti-17 billet. The next image shows the
Ti-54M billet attached to the main spindle of the machine and with the dynamometer
already installed to perform a test. This is depicted in Fig. 7.33.

(a) . (b) .

Figure 7.33. Photographs of the Ti-54M billet installed in the machine with the
dynamometer and tool ready for a test and Ti-54M billet clamped with hard jaws in the

main spindle.

A scribed line was also machined using the same tool shown in Fig. 7.19 to double
check that the mathematical synchronisation of the data was performed correctly and
therefore, the analysed features will not be distorted.

The tool used for these particular Ti-54M tests is a Sandvik Coromant ® CNMG 12 04
08-MM 1105 T-Max� P insert for turning, with the same tool radius as the one used for
the Ti-17 tests, 0.8 mm.

Examples of force feedback fingerprint diagrams reconstructed via machining forces in
Ti-54M are shown in Fig. 7.34. The machining parameters used in this case are depth of
cut (ap) or 0.1 mm, a feed per revolution of 0.2 mm/rev and a constant rotational speed
of 62 RPM. The acquisition rate was kept at 20 KHz, identical to the Ti-17 machining
tests.
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(a) Feed Force (b) Cutting Force

(c) Longitudinal Force (d) Resultant Vector Magnitude

Figure 7.34. Fingerprint reconstruction in Ti-54M in the three spatial axes and the
magnitude of the resultant vector (plotted 1 over 30 points), x axis inverted.

In Fig. 7.34 it is not easy to identify the grains from the force feedback. Moreover,
the data plotted has not been preprocessed in any way, and therefore, all types of system
vibrations are also incorporated in the data.

However, from the preliminary data plotted it is possible to already see features that
can be linked with the non-linear strain from the forging process induced during the
primary cogging stages. Important regions where consistent fluctuations in the force can
be seen around the outer regions of the machined face. These regions geometrically align
with the simulations provided by Timet Ltd. Regions with lower cutting forces (shown
in blue in Fig. 7.34), align with the low strain regions highlighted also in blue in the
simulated data (Fig. 7.32).

It is also key to highlight that the inner part of the forged billet is effectively extruded
forward and therefore it exhibits a relatively stronger basal texture in the longitudinal
axis that ultimately relates to the higher cutting forces measured at the centre.

Texture analysis of this billet corroborated this relatively strong basal texture in the
billet performed by Crawforth [140] is shown in Fig. 7.35.



7.8. FORCE FEEDBACK TRIALS, PROVING THE TECHNIQUE 169

Figure 7.35. EBSD characterising the differences in texture performed by P.
Crawforth in this Ti-54M billet [140].

A diagram showing these zones related to the simulated data is shown in Fig. 7.36.

Figure 7.36. Relation between the fingerprint diagram and the simulation performed
by Timet Ltd for this Ti-54M billet.

These results shown in Fig. 7.34, Fig. 7.35 and Fig. 7.36 demonstrate that the cutting
performance of these forged components is not homogeneous, showing higher cutting
forces in the locations where higher strains were applied to the billet during the primary
forging.

Another example in Fig. 7.37 shows the relationship between features reconstructed
through the force feedback analysis and the surface of the billet after machining.
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Figure 7.37. Fingerprint reconstruction and recognisable features in the surface of the
Ti-54M billet analysed.

These structures formed of columnar grains can be found after the forging process in
the low strained regions, and due to their morphology and local mechanical properties,
they affect the local mechanical properties and forgeability. These specific morphologies
are considered by forgers as zones that are prone to cracking. In this specific case,
this billet already exhibited a crack at this specific region ,as can be seen in Fig. 7.37.
The Force Feedback technique was effective at locating and characterising the columnar
grain structures that conventionally can only be analysed through destructive or chemical
etching methods that are destructive and time consuming. These results proves that using
the force feedback analysis can identify microstructural features that provide important
feedback to improve the forging process.

7.8.3 Signal Filtering and Post Processing
Fourier Signal Decomposition Analysis

This subsection investigates the signal filtering analysis centred in the Ti-54M signal col-
lected during a face turning operation. Apart from the microstructural information, there
are another important effects that distort the collected signal such as system vibrations
in the CNC machine. These vibrations can arise from the electric motor-gear system and
the structural stability of the cantilever formed by the tool holder, dynamometer and
adaptors installed.

Therefore, to perform an accurate Force Feedback analysis, it is important to un-
derstand the different effect coupled in complex signal collected by the dynamometer
piezoelectric sensors. The next flow chart (Fig. 7.38) shows a simplified schematic of the
different constituents of the collected signal.
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Collected Force Signal Microstructural Features
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Figure 7.38. Simple decomposition of the effects captured by the force signal collected
during the machining operation.

One of the main tools for performing signal analysis, independently of the application is
using the Fourier Transform (FT) to decompose the signal into a series of standard, easy
to mathematically define, sinusoidal waves. These decomposed new sinusoidal waves can
be ranked based on their amplitudes an frequencies and then select the sinusoidal waves
that occur at the same frequency ranges that the features of interest to be analysed. A
simple schematic of how this is performed is shown in Fig. 7.39.

Figure 7.39. Schematic of the dynamometer signal decomposition in the frequency
domain through the Fourier Transform.

However, the selection of the frequencies to be analysed depend on the materials mi-
crostructure and hence its processing history as well as the machining parameters selected.
Moreover, there are limitations on the mathematical sinusoidal decomposition. For ex-
ample, the maximum frequency provided by the sinusoidal decomposition of the signal
is defined by the Nyquist-Shannon sampling theorem. This means that the maximum
frequency that we can mathematically decompose is defined by the acquisition rate of
the signal measured.
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To make this more understandable, an analysis of a test performed on Ti-54M with
a depth of cut of 0.1 mm and a feed per revolution of 0.15 mm/rev is used as an ex-
ample. The rotational speed was set to 62 RPM. Because the radial notch is a feature
that occurs one time per revolution, it is a great indicator for double checking that the
frequency analysis and decomposition has been performed correctly. The next example
shows the frequency decomposition of one of the force channels and the analysis of the
notch perturbation.

The force signal is decomposed in the frequency domain, where it is possible to see
the amplitude of the maximum frequencies that combined, would reconstruct the force
signal. This is called the frequency spectrum of the signal, and it is shown in Fig. 7.40.

Figure 7.40. Frequency spectrum example of the longitudinal force measured during a
constant RPM face turning test.

This graph shows that there are two main regions that contribute to the recorded force.
The effects with large amplitude that appear at frequencies lower than 5 Hz and the lower
amplitude but much denser effects occurring at higher frequencies.

A more detailed analysis of the effects at lower frequencies is shown in Fig. 7.41.

(a) (b)

Figure 7.41. Expanded view of the low frequency region of the Ti-54M force signal
collected transposed into the frequency domain, with the notch effects highlighted.
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This shows the effect and distortions produced in the force signal generated by the
radial notch machined on the turned face. Fig. 7.41 a shows the effects on the notch and
the harmonics induced in the signal due to the stability of the tool holder-dynamometer.
Moreover, the main effect caused by the notch is shown in the diagram on the right.
The frequency at which this effect is occurring is mainly dependant on the actual output
RPM of the main spindle during the machining test, and moreover, because this RPM is
constant during the test, the frequency at which this feature occurs should be constant.

The measured frequency of this effect for this specific constant RPM test is found at
1.033Hz, which fits with the input RPM in the controller of 62 RPM. This is because
the radial notch should occur at a frequency of 62/60 Hz, which has been corroborated
through the signal decomposition analysis. Once the effects are found, the filtered force
signal can be reconstructed and plotted in a similar manner as if it were the raw data
shown in previous points.

Following this similar analysis it is possible to start analysing features that are related
with the upstream processing steps, such as forging. In Fig. 7.42 shows the correlation
between the raw data gathered in the longitudinal direction with the Ti-54M forging billet
simulation Fig. 7.42 b. However, these effects are clearer if performing signal filtering.
In this case, the forging effects are poles that are represented by harder and softer to cut
regions of the billet face.

(a) (b)

Figure 7.42. Low pass frequency filter showing the main fluctuations in force [N]
caused by the upstream forging process, compared with the Ti-54M simulation provided

by Timet Ltd.

The first important feature to highlight is that the forging effects simulated thorugh
DEFORM are picked up thorough the force feedback analysis. In fact, they align perfectly
in their angular position and intensities, with even the low strained direction highlighted.
In this case, this low pass filter also passed the notch effects and that is why the low
strained region on the top appears larger than the region at the bottom.

Another interesting feature is that this test also proves that the forging effects are not
as superficial as calculated by the simulation. The effects in the cutting forces variation
derived from the heterogeneous strain field induced during the primary forging are seen in
regions closer to the centre than expected.However, this does not contradict the extruded
core theory, which has been demonstrated its existence in Fig. 7.36 and Fig. 7.35 ( [140]).
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Other types of filters can be used to highlight other microstructural features, examples
of other filters applied to the same set of data are shown below. Two main examples of
a mid-high band pass filter and a high pass frequency filters are shown in Fig. 7.43.

(a) (b)

Figure 7.43. Comparison of a mid-high pass filter and a high pass filter signals
reconstructed for Ti-54M face turning operation, units in relatively intensity.

Fig. 7.43 a it is represents a high pass filter of frequencies higher than 5 Hz and then
reconstructed and plotted to generate a fingerprint diagram. This information plotted
here would be the one eliminated to create the diagram shown in Fig. 7.41 a. It is still
possible to see the harmonics of the forging poles and the notch, however, regions appear
more differentiated, showing similar cutting performance. On the Fig. 7.43 b, a high pass
filter with a frequency of 20 Hz is applied to try to highlight this regions and avoid the
fluctuation effects in the signal created by the forging process and the notch. Although
the forging effects disappear when applying this filter, the disturbances of the notch in
the signal are strong enough to still appear when filtering low frequencies from the signal
reconstruction.

Prior Beta Grain Detection using Force Feedback Analysis

This subsection explores the post processing analysis techniques needed to further analyse
the signal and extract more information about the material during the machining process.

The example described in this subsection uses the force signal collected when machining
Ti-17 billet machined with a depth of cut of 0.1 mm, a feed per revolution of 0.1 mm per
revolution and a main spindle speed of 70 RPM.

The main goal of this approach is to be able to perform, not only grain measure-
ments automatically via the force feedback analysis, but also to be able to automatically
compute its geometry and aspect ratio. This would imply a great tool for improving man-
ufacturing process and to be able to locate problems or issues in the workpiece upstream
in the manufacturing line.



7.8. FORCE FEEDBACK TRIALS, PROVING THE TECHNIQUE 175

Automating this process is not trivial. However the main idea behind grain detection
is quite simple. In this case, the variable to distinguish the different grains is the force
response against the tool. By setting certain rules, the computer working as an image
processor, could ultimately highlight the regions where there are significant differences
in the signal and hence, create close regions that can be indexed as regions with similar
machining behaviour. In this example it has been proven that this structures are the
prior beta grains of this Ti-17 billet.

In order to simplify this, the raw signal is pre-processed to enhance differences between
already existing regions. In order to do this, a Kuwahara filter is used.

Considering the raw signal as the original image to be processed, the kuwahara filter
uses a square unitary pixel grid where J represents the length and K the height (hence
J=K). This value has to be strictly larger than 3 and an odd number, so that a centre
pixel can be selected. This region is subdivided in 4 different equal regions aligned with
the outer corners of the grid in position, and the size of this sub grids is [(J+1)/2] x
[(K+1)/2]. This implies that the pixel selected at the centre of the unitary grid is always
part of the other 4 sub grids.

This is represented in Fig. 7.44 which shows a grid with J=K=5 and its three sub grids
of 3X3 in 4 different colours. The pixel of interest is highlighted in the centre.

Figure 7.44. Unitary grid of order 5 used by the Kuwahara filter for image processing.

The algorithm calculates the average of the pixel values, which in this case is directly
related to the measured force, and also the standard deviation of these subgroups. Then
the average value of the subgroup that shows the smallest standard deviation is assigned
to the coordinates, of the pixel of interest. This is repeated until all pixels of the image
(or matrix coordinates) are scanned. The new obtained image shows more clearly defined
edges that are easier to detect by further downstream grain detecting algorithms.

An example of how the edges are improved and more defined is shown in Fig. 7.45.
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(a) Raw data. (b) Kuwahara Filtered data.

(c) Raw data zoom.

(d) Example of enhanced reconstructed micrographs using the Kuwahara Filter.

Figure 7.45

This filtered information can be used to feed an edge detection software than can create
the closed regions needed to identify and index the prior beta grains. The evolution of
the intermediate steps when processing the information is depicted in Fig. 7.46.
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(a) Filtered Data. (b) Contrast Enhanced.

(c) Edge-Grain detection.

Figure 7.46. Stages of developing grain detection features from Force Feedback
Fingerprint diagrams reconstructed for Ti-17.

However, further investigations in edge detection is needed to be able to perform au-
tomatic grain size measurements using the fingerprint data extracted from the cutting
forces.
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Average Crystallographic orientation - prior work -

The high resolution analysis of the cutting forces provided a valuable insight into the
microstructural features of the component analysed. However, the capabilities of the data
analysis can be enhanced if considering the anisotropic properties of the HCP crystal. The
specific atomic configuration of the hexagonal close packed structure presents different
elastic modulus depending on the angle between the loading direction and the c axis of
the crystal [27]. These heterogeneities affect mechanical properties in titanium alloys,
and most forging processes and heat treatments are design to refine the microstructure in
order to avoid these heterogeneities. This is because certain orientations of the crystals
can create crack initiation points, or transmit/activate certain slip planes that can lead
to failure points when the component is put into service.

However, it can be possible to take advantage of these heterogeneities for performing
the analysis. When performing cutting analysis, depending on the orientation of the
crystal with respect of the cutting direction, differences in forces and surface roughness
are understood. This has been studied while machining single crystal pieces in references
[135] [134] [136] [141].

The variation of the Young’s modulus with respect to the angle between the loading
and the c-axis direction is shown in Fig. 7.48.

Figure 7.47. Graph and schematic showing the Young’s Modulus fluctuation with
respect of the angle between the c-axis and the loading direction in HCP crystals [27].

Finite element analysis using ABAQUS/Explicit with sub routines for crystal plastic-
ity (VUMAT) performed by Zahedi et al. [142] shows the implementation of a model
demonstrating the differences in cutting performance and cutting forces when machining
with different cutting direction for single FCC crystals (aluminium and copper).
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Figure 7.48. Simulation analysis showing the plastic shear strain (γ) distribution
during orthogonal cutting over the three slip systems for FCC materials [142].

This demonstrates that not only the mechanical properties vary with the crystallo-
graphic orientation, but also that the cutting performance of the different regions can be
distinguished based on the crystallographic orientation of the region that is being cut at
any given time.

However, to distinguish these differences it is necessary first to understand which is the
specific reaction of the forces at any given possible orientation. To start mapping these it
is necessary to pre-process the force signal data and to map in the fingerprint the angle
variations in the forces with respect the total resultant force. This is key, because if the
analysis is performed with high enough resolution, the crystallographic orientation will
be resolved from these angles.

The angles between the three measured angles and the resultant force are considered
for this analysis, because it is a pair of three numbers that condense the information of
the three modulus values plus the actual information of the resultant force.

The decomposition of the force and nomenclature used further below is shown in the
Fig. 7.49.

Figure 7.49. Force decomposition and angle nomenclature used for the force angle
decomposition.
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These 3 angles can be colour coded, providing a gradient scale based on how close to
each of the three analysed axes the cutting response of the material is. These combined
with grain analysis detection and microstructural knowledge can be used to determine the
actual average cutting response of each local region during cutting. This local response
could be further linked to the (average) crystallographic orientation of the region of
interest, and finally analyse the probability of these local regions to develop certain failure
mechanisms, based on this cutting response when the component is put into service (e.g.
crack initiation points).

A colour is assigned to each angle based on the nomenclature explained before, and
then assigned to a scale based on the colour coding system (e.g. RGB, 0-85 (255/3),
etc.), and three matrices are calculated per colour and material position.
These matrices are combined into an RGB image that not only provides the three main
colours, but also all their combinations, which combines the information creating the rest
of the colour palette for resultant forces with different angle values with respect to the
three main axes.

The examples shown in Fig. 7.50 represent the further analysis of the force signal
extracted form the Ti-17 analysis shown in the previous analysis.

This kind of analysis provides pin-point information of the machining response of the
material. Moreover, due to the angle calculation, it is possible to calculate the contribu-
tion of every region in the three main axis. This information can be used to determine
and resolve the crystallographic orientation, as this is dependant on the slip systems ac-
tivated when machining and the elastic response of the material because of the pressure
exerted while machining.

If combined with EBSD analysis of a small portion of the sample it is possible to
remap the rest of the sample. If a strong correlation is found for a certain material or
heat treatment condition, ultimately this analysis could provide a pseudo crystallographic
map which combined with the standard fingerprint analysis, could change the standard
quality controls performed in the industry, specially for critical aerospace components
and different stages of their production route.
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(a) Alpha Angle (Ffeed). (b) Beta Angle (Fcutting).

(c) Gamma Angle (FLongitudinal). (d) RGB Layers combined.

Figure 7.50. Colour coded Fingerprint diagram showing local force response of the
material based on the force variation with respect to the analysed angles.

7.9 Ti-6246 Billet Analysis Under Different Heat Treat-
ment Conditions

This section centres its attention on using the force feedback analysis technique to un-
derstand the differences in machinability of titanium billets with identical chemistries
but different heat treatments. This is very important, the heat treatment condition
and inherently, the microstructure presented by a workpiece, can drastically modify the
machinability of a titanium alloy.
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This important point tends to be overlooked by pure machinist and tool manufacturers,
where in most of the cases, the focus is optimising the tool life. Moreover, the tool selec-
tion availability for titanium alloys is narrower than the insert selection when mahining
more common materials such as steels. This makes finding the best optimised tool for
the operation harder.

This part of the work investigates the root of this machinability differences keeping the
alloy chemistry as a constant variable, and linking this variations with the microstructural
features found after applying different heat treatments to the billets.

Moreover, using the fingerprint reconstruction technique, it is possible to analyse the
evolution of the primary forging effects in the cross section of this billets, and evaluate any
heat treatment and microstructural changes can reduce or eliminate the heterogeneities
induced by the open die forging process (primary forging).

7.9.1 Ti-6246 analysed billets
The Ti-6246 billets analysed were manufactured by Timet Ltd. by VAR high quality tita-
nium sponge and with the chemistry and then forged in an identical manner. This means
that the 4 billets analysed showed an identical forging process, strain and microstructure.
After that, 3 different heat treatments were applied to three different billets to further
process the microstructure of the workpieces. These three heat treatments are standard
procedures to further tailor the microstructure and ultimately mechanical properties of
this titanium alloy. Table 7.5, shows the heat treatment temperatures studied.

Table 7.5. Heat treatment conditions studied for Ti-6246 Force Feedback Analysis
Billets.

Billet Condition HT Stage 1 [oC] HT Stage 2 [oC]
As-Forged N/A N/A

Beta 1000 N/A
Duplex 900 677

Mill-Annealed 700 N/A

These billets have a diameter of 200 mm. (Fig. 7.51) shows a photograph of the billets
in the as received condition.
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Figure 7.51. Photograph of Ti-6246 billets for the heat treatment machinability study
in the as received condition.

7.9.2 Microstructural Analysis
Before performing the machining analysis a microstructural study of the billets was per-
formed. Three billets were heat treated while one remained left in the ”as-forged” con-
dition to complete the study. Samples were extracted from the billets and analysed in
its longitudinal direction. A schematic of the sample location and the face analysed is
depicted in Fig. 7.52.

Figure 7.52. Sample location extracted from the Ti-6246 billets for microstructural
analysis.

Samples were metallographically prepared using the standard route for titanium and
analysed using Backscattered Electron Imaging in a Inspect F SEM located in the Sorby
Microscopy Centre part of The University of Sheffield. The accelerating voltage used in
this case was 20kV and the sport size was set to 5.0.
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As-Forged Microstructure

The microstructure presented in the As-Forged billet was the initial microstructure of all
billets before applying the different heat treatments.

This material condition shows a bimodal microstructure with groups of equiaxed un-
transformed primary alpha and an alpha lath structure in the prior transformed beta
grains.

Performing image analysis, an approximation of the alpha content of this specific con-
dition was calculated as 63 % with a primary alpha size of 507.4 µm with a secondary
alpha lath thickness of 0.7µm.

Backscattered Electron micrographs of the As-Forged condition at different magnifica-
tions are shown in Fig. 7.53.

(a) 500x (b) 2000x

(c) 6000x

Figure 7.53. Backscattered Electron micrographs showing the microstructure
presented in the As-Forged condition billets.
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Beta Heat Treated Microstructure

This billet is the only workpiece that has been heat treated above the beta transition
temperature at 1000 oC. This means that the full volume of the workpiece was fully
soaked in the single phase β region prior to transformation.

This means that the microstructure shown in the micrographs below show different
structures compared to the ones found in standard duplex microstructures. The mi-
crostructures developed from material heat treated above the beta transus temperature
show alpha nucleated at the prior beta grain boundaries and then, depending on the
cooling rate the prior beta grain interior can develop either a fine Widmanstätten alpha
lath structure, a lath colony structure or relatively large alpha lath size, depending on
cooling rate.

This case shows typical alpha nucleated at the prior beta grain boundary wit a colony
sturcture developed within the prior beta grains and an average lath thickness of 0.5 µm.

(a) 500x (b) 2000x

(c) 6000x

Figure 7.54. Backscattered Electron micrographs micrographs showing the
microstructure presented in the Beta heat treated condition billet.
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Duplex Heat Treated Microstructure

The billet coded as Duplex has undergone a two step heat treatment. A first cycle at
a temperature of 900 oC and a second stage at a lower temperature of 677oC. As the
temperature achieved during any of the cycles did not exceed the beta transus tempera-
ture of Ti-6246 (935oC), there is no transformation of the microstructure into fully beta
phase. Therefore, the microstructure at room temperature contains primary alpha grains
(αp) and the structured developed form prior-transformed beta regions. This is termed
a bimodal microstructure.

The percentage of alpha in this condition was measured using image processing was
67% with a primary alpha grain size of 443.5 µm and an average of secondary alpha
thickness of 0.6 µm.

Backscattered Electron micrographs of the Duplex condition at different magnifications
are shown in Fig. 7.55.

(a) 500x (b) 2000x

(c) 6000x

Figure 7.55. Backscattered Electron micrographs showing the microstructure
presented in the Duplex heat treated condition billet.
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Mill Annealed Microstructure

The final billet analysed has a one step heat treatment at a lower temperature than the
beta transus for this alloy. The heat treatment was carried out at 700oC. This means
that the microstructure developed from the as-forged condition plus this Mill-Annealed
heat treatment developed a different duplex microstructure.

For this microstructure, the percentage of alpha phase has been measured 72.34% with
an average size of equiaxed primary alpha (αp) of 399.4 µm. For this mill annealed
microstructure however, the average secondary alpha lath thickness was measured 0.8
µm.

(a) 500x (b) 2000x

(c) 6000x

Figure 7.56. Backscattered Electron micrographs showing the microstructure
presented in the MIll Annealed heat treated condition billet.

7.9.3 Machining Set up and tool used
The machine set-up and dynamometer was identical to the one used for the previous
force feedback analysis experiments carried out at the Advanced Manufacturing Research
Centre.
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The tool selected for performing these tests was a Sandvik Coromant CNMG 12 04
08-MM H13A, uncoated insert with a tool radius of 0.8mm. The geometry of this tool is
described in the Fig. 7.57 and Table 7.6.

Figure 7.57. Sandvik Coromant ® CNMG 12 04 08-MM H13A T-Max® P for turning.

Table 7.6. Dimension values for tool insert Sandvik Coromant ® CNMG 12 04 08-MM
H13A T-Max® P for turning.

CODE DIMENSION [mm]
LE 12.096
IC 12.7
RE 0.794
S 4.763

The machining parameters used were selected to understand the parametric effects of
depth of cut and feed for finishing face turning operations in cutting performance, while
being able of carrying out force feedback analysis and signal reconstruction.

The RPM for the main spindle is a variable that is kept constant throughout all per-
mutations of feed and depth of cut, with a value of 62 RPM. The machining variables
analysed are within the range of standard finishing machining parameters used for this
specific alloy.

Table 7.7 summarises the machining parameters selected for these machining trials.

Table 7.7. Machining parameters used for all Ti-6246 heat treatments studied.

ap [mm] feedrev [mm/rev]
1 0.25 0.1
2 0.25 0.15
3 0.5 0.1
4 0.5 0.15

7.9.4 Machining force analysis
The first analysis performed on the forces gathered during the machining processes was
the study of the force variation with respect to the average force recorded during the test.
This helps understanding the variability of forces applied to the tool and provide insight
on material-tool interaction.
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To create a comparable variable that could benchmark different microstructures, a
coefficient of variation was calculated as follows (Eq. (7.24)):

Coefficient of V ariation (CV ) = Std.Deviation

Average
=

(
√∑N

i=1(xi−x̄)
N−1 )

1
N

∑N
i=1 xi

(7.24)

The calculations performed for this coefficient of variation were carried out using data
from the steady state cutting regions to be representative of the part of the cutting process
of interest and avoid the engaging/disengaging effects.

The results of this analysis are gathered in Fig. 7.58.

(a) ap=0.25 mm frev 0.1 mm/rev (b) ap=0.25 mm frev 0.15 mm/rev

(c) ap=0.25mm frev 0.1 mm/rev (d) ap=0.5 mm frev 0.15 mm/rev

Figure 7.58. Graphs showing the force coefficient of variation depending on machining
parameters and heat treatment condition for the cutting force.

From these results it is possible to draw a clear relationship between heat treatment
condition/microstructure and force fluctuations over the tool during machining opera-
tions. The larger force fluctuations are found in the beta processed material, which could
be rooted to the large and fast growing prior beta grains.
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These developed structures that show a relatively constant machining behaviour (ma-
chining structural units) also present a different machining response with respect the
neighbouring grains. These local machinability heterogeneities creates a more variable
pressure over the tool with respect the average cutting force and therefore, the variability
in the cutting forces is higher when compared with duplex microstructures.

The materials processed at subtransus temperatures showed a lower force variability.
This could be because, the major difference was the α morphologu in the beta transformed
regions, mainly the alpha lath size. This means that the subtransus group, with smaller
unit sizes, provides a more constant cutting performance.

This variabilities can be key to understand not only cutting performance of the al-
loy/heat treatment studied, but also an important factor that can induce fatigue loading
into the cutting edge of the insert, reducing tool life. This force fluctuations could also
be linked to the chip formation mechanisms, which are also dependent on the machining
parameters and microstructure.

More information can be extracted from this set of data. The dynamometer provides
a triad of forces, one per spatial axis. A summary of the average value of the forces per
set of machining parameters and heat treatment is shown in Fig. 7.59.

(a) ap=0.25 mm frev 0.1 mm/rev (b) ap=0.25 mm frev 0.15 mm/rev

(c) ap=0.25mm frev 0.1 mm/rev (d) ap=0.5 mm frev 0.15 mm/rev

Figure 7.59. Graphs summarising the average of each of the 3 forces collected during
the machining process depending on machining parameters and heat treatment

condition for the cutting force.
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The first important conclusion drawn from Fig. 7.59, is that the cutting force is the
most sensitive to increasing the depth of cut, which is logical, because the depth of cut is
increasing the uncut chip thickness. It is important to highlight that although the depth
of cut was doubled, the feed per revolution was only increased by 50%. Feed force and
the longitudinal force are not as sensitive, however as expected, the feed force shows a
larger increase with the feed value compared to the longitudinal force.

The longitudinal force is mainly related to the friction of the tool against the face, and
although its increase is linked more to the depth of cut, it is also affected by the feed. In
this case it is possible to consider that because the chip generated is very thin the effects
can be negligible, however, this small increase in the longitudinal force might be related
to force exerted by a thicker chip in this direction.

However, further analysis has to be performed on this, more insights on this processes
can be investigated via finite element analysis.

7.9.5 Fingerprint evolution with heat treatment
An analysis of the machining forces and the reconstruction of the fingerprint diagrams
has already been proven to provide information about the forging process that the billet
was subjected. If this analysis is performed after different heat treatments, it can provide
information about how the heat treatments homogenise/modify the mechanical properties
of the studied alloy. This subsection reconstructs the fingerprint images of the machining
test in Section 7.9.4.

The next reconstructed images represent the longitudinal force gathered during ma-
chining the 4 different heat treated billets with a depth of cut of 0.25 mm and a feed per
revolution of 0.15 mm/rev. (Fig. 7.60).

The first conclusion drawn from this study, is that regardless of the heat treatment
applied, the actual heterogeneous machining performance in the cross section of the
billet is still deteted under all conditions. It is important to highlight that although
heat treatments can change the morphology of the microstructure, and ultimately the
mechanical properties dramatically, it is impossible to eliminate the forging effects from
the component by heat treating alone. The strain path and temperatures used during
forging influence other microstructural variables that are not easily modifiable throughout
heat treatment. As an example, crystallographic orientation developments cannot be
undone using heat treatments.

However, important information is still shown by these fingerprint diagrams. The
extruded core is visible in all cases, considering the As-Forged condition as the base
benchmark, the heat treatments reduce the effect of the harder-to-cut extruded core,
specially the duplex and the mill-annealed conditions, being less prominent reduction in
the beta heat treated condition.

The mill annealed workpiece shows a reduced variation of the cutting forces towards the
centre compared to the other tested samples, showing a less prominentextruded core. The
longer, two step heat treatment could be the reason why the extruded core appears less
prominent when analysing cutting forces, compared to the other heat treated conditions.

The other two heat treatment conditions show a more clear extruded core regions,
moreover, the fluctuations of the force in the annulus outside of the core are more visible
in the beta region.

All cases show a clear distinction in the low strain axes induced by the inherent strain
path induced during the primary forging process, separated by 180 degrees.
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(a) As-Forged Condition (b) Beta condition

(c) Duplex Condition (d) Mill Annealed Condition

Figure 7.60. Force Feedback data showing the reconstructed fingerprint calculated
form the 4 diferent heat treatments longitudinal force signal of Ti-6246 analysed

(ap=0.15 mm and feed=0.15mm/rev.

The higher variability in the cutting forces, especially in the beta processed billet, is
also seen in the local analysis of the cutting forces. Clusters of regions with very dissimilar
cutting performance are shown in these diagrams. This supports the results where the
beta processed cutting forces show a higher coefficient of variation and hence a higher
standard deviation. These microstructural features can affect negatively the tool life,
creating a variable pressure front on the cutting edge, finally affecting machinability of
the heat-treated alloy, compared to other heat treatment options.

The larger variation in the force and hence, the different machining structural units
can be seen in Fig. 7.61.
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Figure 7.61. Detail of the Force feedback fingerprint reconstruction of Ti-6246 beta
processed billet.

7.10 Linking Force Feedback Analysis to critical aerospace
component’s performance and properties

This section of the chapter studies the link between the information gathered through the
force feedback analysis and the mechanical properties tested in compressor disc material
made of Ti-6246.

Prior analysis of this disc shows that there are significant differences in texture and
fatigue performance at different circumferential locations. The idea of this force feedback
analysis is to study the possibility of locating, via machining forces, the areas where the
local components performance varies. This would be ideal in a quality control scenario,
where through the cutting forces, the component could be discarded or reprocessed in
order to avoid certain features that would compromise the performance of this titanium
compressor discs before being put into service.

This force feedback analysis was performed using the same CNC machining centre and
dynamometer than the other described tests.
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7.10.1 Component and pre-machining preparation
The material used for this test is the inner ring from the second compressor disc analysed
in this thesis. Samples from this disc were extracted from the outer rim and the diaphragm
and therefore, the only continuous surface that could be machined in a lathe was the face
of the inner bore.

After extraction, a relatively thin ring remained which was clamped to the main spindle
of the machine in such a way the component was not deformed, but it is securely attached
to the system to avoid vibration that could cause deleterious effects on the signal gathered
through the dynamometer.

The preparation of the component started with the sectioning of the remaining webs
that connected the outer bore to the inner bore. A schematic of this is shown in Fig. 7.62.

(a) Disc after sample extraction.
(b) Inner bore extracted.

Figure 7.62. Schematic of the sample preparation for further machining analysis.

In order to avoid excessive deformation of the sample (ovality), the sample was prepared
to be clamped to a custom set of machined sort jaws. The soft jaws/clamping system are
the most stable and viable solution designed for performing this machining analysis.

To maximise room for tools and dynamometer clamping area, it was decided to clamp
the workpiece on the inside face. Hence, a set of jaws was machined to match the inner
diameter of the piece. Fig. 7.63 shows the mechanical drawing of the three custom made
jaws and the product finished prior installation. Note the extra threaded holes in the soft
jaws used for further clamping the component with the back plate.
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(a) Soft jaw design for inner clamping.

(b) Photograph of the soft jaws
manufactured prior installation.

Figure 7.63. Schematic of the sample preparation for further machining analysis.

However, further preparation of the workpiece was necessary. Three flanges were ma-
chined spaced 120 o apart, matching the location of the clamping jaws. In the centre of
these flanges, a radial slot of thickness larger than the diameter of a M8 bolt was ma-
chined. This was the clamping points against the jaws to further secure the workpiece.
The decision of using slots rather than normal holes arose from having extra room to
further centre the component, avoiding tolerance issues.

The workpiece was clamped on the inside using the designed soft jaws for machining the
flanges and slots. Minimum pressure available was selected for inner clamping. Fig. 7.64
shows the workpiece inner clamped before machining the flanges with the mill bit installed
in the secondary spindle of the machine.
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(a) Disc installed prior flange and slot
machining.

(b) Probing circularity and datum
face prior machining.

Figure 7.64. Photograph of the workpiece inner clamped prior flange and slot
machining, and probing process for datum point.

After this process, it was possible to clamp the component as designed, using the
flanges and bolts to further secure the workpiece. The final clamped component in the
main spindle is shown in Fig. 7.65.

Figure 7.65. Photograph showing the workpiece fully clamped prior machining.

A radial notch was machined on the to-be-machined surface to correlate the final data.
This is depicted in Fig. 7.66.
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(a) Final Notch machined on
the workpiece.

(b) 3D rendering of the final notch machined in the
component prior testing.

Figure 7.66. Photograph and schematics of the radial notch machined on the face of
interest for the machining analysis.

7.10.2 Force feedback analysis results and fatigue performance
correlation in compressor disc material

Identical methodology was used to gather an analyse the data with respect other exper-
iments explained before. In this case the tool insert used was a Sandvik Coromant ®

CNMG 12 04 08-SM 1105 T-Max® P for turning.
Fig. 7.67 shows the system for gathering the machining forces installed with the com-

ponent clamped in position, prior to performing the test.

Figure 7.67. Photograph showing the clamped component and the dynamometer in
place prior performing a test.
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Because the machined surface is small, with an effective thickness of 10-12 mm, the
fingerprint diagrams reconstructed from this test are difficult to visualise if plotted on
a 1:1 scale. The next example shows the reconstructed fingerprints calculated from the
cutting force gathered when machining the inner bore track with 0.15 mm of depth of
cut, 0.15 mm/rev of feed and a constant rotational speed of 32 RPM. One of them is
plotted 1:1 with respect the proportions of the machined part, the other is stretched in
the radial direction for better analysis (Fig. 7.68).

(a) 1:1 fingerprint diagram reconstructed. (b) 4x radial stretch of the same data.

Figure 7.68. Graphs reconstructing the fingerprint diagrams of the Ti-6246
compressor disc material analysed, with different radial stretching factors, an average of

every 30 points is plotted.

Note how the notch is clearer in the image of the right. However, it is important
to understand that even though radial features are more visible when stretching the
diagrams, and force trends are clearer, microstructural features will appear also stretched
in the radial direction.

In these diagrams it is possible to detect the soft jaws also being machined after the
tool is disengaged from the titanium components. Their effect on the force can be seen
the inner part of the circle, three different regions separated by 120 o. This also can be
used to mark specifically the clamping location.

Because certain pressure has to be applied to the component as a safety feature for
the CNC machining centre to operate, slight distortion can occur. This was because the
component was relatively thin compared to its diameter. This ovality can be seen on the
force feedback fingerprints, although negligible.

Similar results are replicated when this component is machined under different ma-
chining parameters. As an example, another analysis performed at a higher depth of cut
(0.2 mm) shows more clearly the relatively large differences in cutting performance at
different circumferential locations of the disc.

The graphs below (Fig. 7.69) show the force feedback fingerprint reconstructed next
to the fatigue results contour plotted.
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(a) Reconstructed fingerprint. (b) Contour plot generated with fatigue
data analysis.

Figure 7.69. Graphs correlating the results gathered using the force feedback
technique compared to the fatigue results performed on the same component.

On the graph on the left it is possible to see six main regions alternating between
high and low overall cutting forces (red and blue respectively). It also shows where the
clamping points were. At first glance, these fluctuations could be linked to how the
component is clamped. Although extreme care was taken clamping the workpiece to the
machine, it could be considered that the lower cutting forces could be linked to the exact
flexible region between two clamping points. The cutting parameters selected have a
relatively low depth of cut, even for finishing machining operation in titanium to avoid
this problem. However, the low and high cutting forces regions do not align with these
”less supported” points, which reinforces the idea that these fluctuations in cutting force
are purely related to microstructural features, as opposed to clamping.

Fig. 7.69 a summarises the average cycles to failure measured in samples extracted at
the exact circumferential locations. The contour plot colours zones with higher fatigue
performance in red, while regions of poor fatigue performance in blue.

The fluctuation pattern that is seen in the force feedback fingerprint of 6 poles of
alternative high to low cutting regions align with high-low fatigue performance regions
collected form circumferential samples from the exact angular locations. This implies
that there is a correlation between higher cutting forces and ultimately better fatigue
performance, and lower cutting force response and poorer fatigue performance.

These results show a correlation between the local cutting performance response of the
component and its local fatigue performance in critical aerospace components. A further
study could be performed for finding a more strict correlation where a certain value of
the cutting force can be linked to an exact cycles to failure value, and use this correlation
as a quality control measure while machining components.
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7.11 Machining Force Feedback Analysis for More
Complex Shapes

The previous points have demonstrated that this technique can used for standard and
face turning operations, however, the main difficulty behind it is to parametrise the tool
path so that universal rules can be used independently of the machining parameters or
the workpiece geometry.

However, if this approach is applied to other machining processes such as milling com-
plex 3D shapes, the non-computerised mathematical parametrisation of the tool path
result more complicated, tedious and time consuming. Hence, this section explores the
capacity of using CAD/CAM software information to extract the tool path, parametrise
it as a function of time for complex milling operations. A schematic of this process is
shown in Fig. 7.70.

Figure 7.70. Schematic of the Cartesian 3D coordinates extraction form CAD/CAM
software.

The CAD/CAM software uses the initial geometry of the piece (stock) and the final
dimensions of the finished product to calculate the total volume to be removed. It then
uses the user input information of the available tools and CNCmachining centre geometry,
to calculate the tool path and G-Code to be uploaded to the CNC machining centre
controller. A more visual schematic of this process is depicted in Fig. 7.71.
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Figure 7.71. Process of calculating the material to be removed and tool path
calculation in CAD/CAM software.

Autodesk Inventor HSM is the CAD/CAM software selected for extracting the tool
position information because it allows customising the post-processed outputs to extract
not only the G-Code to be transferred to the CNC controller, but also to extract inter-
mediate variables that the G-Code compiler uses. In this case, this software works with
the tool path coordinates where the tool changes direction, which means that a straight
line movement is only defined by 2 points, whether curves are defined by a much more
densely packed points.

This in itself presents a problem, because a standard milling operation can be configured
to have a constant surface speed, which means that if synchronised with a stream of
data, this has to have an equally dense populated point linear density to have a perfect
synchronisation with the force feedback recorded with a dynamometer.

Hence, this Cartesian coordinates extracted from the G-Code compiler, can be math-
ematically treated to create an equally dense linear stream of data in the X, Y and Z
coordinates. To achieve this, the distance between all the points is calculated and the
minimum value is considered as the minimum distance between two points. Then this
minimum distance is utilised for interpolating the rest of the segments.

However, this can create a set of points that is much more dense than the stream of
data acquired with the dynamometer, so by using the acquisition rate (points measured
per second), it is possible to reduce the number of this equally dense set of points, to
match the exact number of points collected via force feedback. An example of this is
shown in Fig. 7.73.
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Figure 7.72. Modification of the tool path to increase its linear point density as a
function of the acquisition rate.

This approach can be also used for more complex shapes. If the acquisition rate and the
constant surface speed are achieved during a complex milling process, it will be possible
to match the tool path and the surface of the component to be machined with the force
feedback data gathered by the dynamometer. An example of how this would work on a
more complex shape is shown below. A generic 3D file of a compressor blade was used
to determine the tool path for the finishing milling operation and data obtained from
another machining test was overlaid the tool path mathematically calculated from the
information extracted from the CAD/CAM software. This is depicted in Fig. 7.73.

Figure 7.73. Diagram showing the simulation for tool path synchronisation/cutting
forces of a 3D milling operation of a slender part. [Dimension in mm].
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This new approach opens the possibility of performing the force feedback analysis 3D
complex geometries rather than simple machining operations such as turning or face
milling. This CAM/CAD parametrisation of tool paths open the possibility for perform-
ing finishing operations on complex parts to understand materials quality in components
right before they are put into service, ideally and if necessary highlighting the locations
where further inspection would be needed in the case of a non-conforming part.

7.12 Constant surface speed problem
All the results shown before are collected during constant RPM analysis. Although
in previous sections the mathematical development for a constant surface speed test
is presented, issues regarding the synchronisation of the data using this method are
presented below.

The examples used below represent a constant surface speed in the constant surface
region. This is during the first part of the test, before the RPM of the main spindle
reaches the limit (saturation) based on the G-code introduced in the controller, or the
maximum limit of the machine.

This test was carried out with a depth of cut of 0.1 mm, a feed per revolution of
0.15 mm/rev and a constant surface speed of 50 m/min. The image below shows two
fingerprints reconstructed from the same sample (Ti-54M billet) but one was produced
using a constant RPM test and another one was reconstructed from force collected during
a constant surface speed test. This comparison is depicted in Fig. 7.74.

(a) Reconstructed fingerprint with constant
RPM.

(b) Reconstructed fingerprint with constant
surface speed.

Figure 7.74. Graphs comparing fingerprints reconstructed from constant RPM and
constant surface speed test.
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The clear distinction is the distortion of the elements found by the constant surface
speed with respect to the exact synchronisation performed. Although it is well known
that the mathematical parametrisation of the path is slightly different from the real one,
for the constant RPM test it is relatively easy to take into account the offset between the
theoretical parameters and the actual RPM delivered by the machine.

An analysis of the reconstructed notch geometry can provide valuable information to
understand the dissimilarities between both fingerprints reconstructed (Fig. 7.75).

(a) (b)

Figure 7.75. Graphs showing the details at the reconstructed notch feature from a
constant surface speed test (a) diagram showing the reconstructed notch and (b) graph
depicting the regions where the system RPM stays ahead or falls behind the theoretical

value.

Because the notch is radial and its geometry known, it is possible to analyse the effects
that cause this distortion. Fig. 7.75 (b), shows the two main regions identified, where the
RPM delivered by the main spindle falls behind of the theoretical value and where the
spindle speed spins faster than the input value in the G-code.

These dissimilarities depend on two main factors: (i) physical and (ii) electronic con-
troller. The component that is being spun, has to be constantly accelerated where in the
case of a constant RPM. The only energy applied to the spindle speed depends on friction
and mechanical losses, which is a smaller and more constant amount. This means that
depending on the geometry and weight of the piece (rotational inertia), the machine/con-
troller system will apply the rotational speed in a different way. Moreover, depending on
how the controller (electronics + coding), handles information the main RPM will also
be different than the theoretical value calculated.

All these variables make accounting for these differences very complicated. This means
that to make this constant surface speed applicable in a CNC machine, extra informa-
tion has to be handled to perform an exact synchronisation. This could be information
extracted from the CNC controller, providing the exact RPM in the main spindle (and
matching both acquisition rates, RPM and Force), or using a rotary encoder to gather
the same information.
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7.13 Future industrial applications
This technology presents a step-change production advantage if installed in a CNC ma-
chining centre. The information gathered through the dynamometer and post processed
presents main direct advantages compared to a standard machining condition. The first
is to use this information as a non-destructive test, performed at the same time as a
standard machining process, so that a non-conforming part can be found early in the
production stage avoiding wasting resources and time down the production line.

A simple flow chart showing this validation process is shown in (Fig. 7.1 a).
This process can be also used for improving the quality of the component manufactured,

if the force feedback fingerprint shows locations of the component with non-conforming
signals or microsturctural features, it could be possible to re process it to avoid the
deleterious effects inherent to the feature found, which will also reduce resources and
enhance the final quality of the component.

The main second advantage that this technology can provide to an industrial process is
to be able to instantaneously process machining force information. This combined with
the spatial synchronisation can be used to alter the machining parameters (e.g. the cut-
ting speed) to avoid certain microstructural features such as machining induced damage.
This local insight of the material would automatically calculate the necessary fluctuations
of the cutting speed based on the materials response through the dynamometer sensor,
creating a local set of machining parameters based on the local microstructure/texture.
This will enhance drastically the components quality, and help reducing the discard rate
if combined with the first technique.

A flow chart explaining the idea behind the calculation of the local machining param-
eters based on the force feedback data is shown in Fig. 7.1 b.

However, this also presents a data storage problem as a large amount of information is
generated using this process. As this information is unique to each component, it has to
be stored for traceability purposes within the production chain. A better understanding
simplifying these large sets of data per component could be studied to avoid storing
unnecessary data, while still capturing the microstructural features of interest for the
manufacturing process.

7.14 Summary Chapter 7
This chapter presents a new in-line characterisation technique that uses the machining
forces measured for microstructural characterisation of large machining components.

Through the time and spacial synchronisation of the measured signals with the tool
path, a one-to-one diagram is created called fingerprint, which uses a colour scale to rep-
resent such machining fluctuations. Such mathematical calculations have been optimised
to reduce computation time in such a way the results can be checked instantly after
performing the operation.

The gathered signals can be filtered depending on the interested featured to be anal-
ysed. For example, grain size analysis, detection of strain heterogeneities induced during
forging, machining dynamic effects, chip formation changes and system vibrations, among
others.

This technique has been proved useful with different types of titanium alloys and
heat treatments in standard and face turning operations. Moreover, a more advanced
technique is proposed for the analysis of 3D milling processes.
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This technological development opens the possibility of gathering material information
during an in-line process, at zero time cost. This can be used for early quality assessment
of the machined material enabling the acceptance or discard of such work piece at early
stages of the production line. This will consequently avoid wasting resources such time
and money.

Finally, the gathered information can also be used for adapting the machining param-
eters on-the-go, for ensuring the highest quality of the component as well as, reducing
discarding rate to a minimum.



Chapter 8

Future Work

In this final chapter, the main findings of this work are considered for further work
recommendations.

The future work will be divided into recommendations to continue (i) the fatigue and
texture research analysis, (ii) an investigation of the machining process and their effects
on materials performance, and (iii) a force feedback analysis evaluation application and
its future application.

Fatigue and Texture Analysis
• A full study and understanding of the texture evolution that occurs during the pri-

mary forging for titanium alloys, and specifically for Ti-6246. This would improve
the accuracy of forging strain models to evaluate the size of the circumferential
strain lobes, as well as, the importance and prominence of the extruded core.

• An analysis of the effects of stress in the variant selection that occurs in the HCP α
crystals during the upsetting closed die forging secondary forging, where the c-axis
aligns parallel to the hoop stress.

• Redesign / standardise the 4-point bend test to be able to use smaller samples,
which would make this analysis more resource efficient.

• Evaluate samples extracted from other compressor disc location to understand the
variability of the fatigue life when the loading direction is not applied in the disc
plane.

Machining
• Complete the flexural 4-point bend test for the samples extracted from Ti-6246 disc

number 3, which was machined at different cutting speeds at Rolls-Royce’s facilities
in Derby, UK. This will provide insight about the effect on fatigue life of material
machined in the production line, as well as, provide insight about the effects of the
chattering induced by component stability vibrations.

• Evaluate the performance of a Ti-6246 machined at higher cutting speeds under
service loading / standard testing, for further validation of the new machining
parameters for in service use.

207
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• Design new clamping system to damp undesired vibrations/displacement at the
inner rim, during dual face turning operations, that arise from modal vibrations in
slender rotational pieces, such compressor discs.

• Comprehensive evaluation of the machining induced damage in Ti-6246 in super-
transus machining induce damage resilient microstructures using high resolution
EBSD analysis.

• Understand the effects of the local surface and subsurface microstructure in the
developing of machining induced damage features that could present detrimental
effects in fatigue life, such as twinning.

• Evaluate the effects of tool wear and cutting edge integrity when machining Ti-6246
critical aerospace component when machined at higher speeds.

• Analyse the effects of the smeared material (”pick-up”) generated in the machined
surface and the BUE tool-material interaction mechanisms, and their effects as
crack initiation points when subjected to tensile stresses in Ti-6246.

Force Feedback Analysis
• Evaluate the characterisation capabilities of the force feedback analysis in other

machining processes such as milling and drilling.

• Understand tool wear evolution using this methodology in turning, milling or
drilling in titanium alloys and other materials.

• Understand the capabilities of CNC controllers to use the information collected
through the dynamometer for an in-line modification of the machining parameters,
this can be used for:

– Minimise machining induced damage (i.e. twinning).
– Avoid chattering through vibration analysis in the tool tip/holder.
– Reduce geometric distortion / residual stresses

• Expand materials characterisation to other titanium alloy, microstructures and heat
treatments, as well as other materials.

• Develop the technique in order to create microstructure digital twins at key stages
of the process route.

• Study the relationship between the cutting forces and the forces and the residual
stress profile and mechanical properties of the material. This will enable the in-line
evaluation of every machined component for reducing discarding rate, failure rate
and wasting resources.

• Understand the effects of multimaterial machining using the data visualisation tech-
niques developed for this method.
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