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Abstract

Superplastic forming (SPF) is an advanced manufacturing process, typically re-
stricted to low volume and high value products, where metallic sheets are heated at the
superplastic temperature and blow formed into a metallic die. Refractory ceramics are
a low cost option to substitute the high temperature resistant steels and other alloys
conventionally used in SPF dies, but their brittle nature is a limiting factor for most
SPF applications. Suitable surface coatings have shown a significant effect on wear
resistance in different applications and can be employed to improve the SPF ceramic
performance in terms of tool life.

This thesis addresses the lack of testing methods available to assess wear of dies
under SPF conditions. A die-part interface (DPI) test method has been developed to
assess wear of ceramic dies for sheet metal forming applications. In addition, the thesis
discusses the employment of the DPI test to take strategic decisions in different material
selection studies. A study is conducted on the comparison of two uncoated ceramic
materials, Ceradyne ThermoSil® 220 (ceramic CT) and Horizon Chrome infiltrated
(ceramic HC), where DPI test results show that Ceradyne ceramic material has overall
better performance under SPF conditions, thus its outcomes from the DPI test are
considered the baseline to be compared with in further studies.

Two deposition procedures of the same coating material, petalite, have been de-
veloped resulting in coating PET-A and PET-B. The resulting coatings are compared
through DPI test, resulting in a better performance of the coating fired at higher tem-
perature (PET-B).

Three coating materials are assessed with the DPI test, which shows that two coat-
ings soften under SPF conditions (F-50 and JK-N8), while another coating shows poor
adhesion to the substrate (F-40).

The thesis concludes presenting a DPI test protocol that proposes guidelines for die

surface wear assessment under SPF conditions.
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Chapter 1

Introduction

The research in this thesis concerns the development of a laboratory test that is able
to study the interaction at the die-part interface during high-temperature forming
processes. The following chapter introduces the technological background and the
research project significance. In addition, the reader will find the aim and objectives

of this work. The last part of the chapter presents the structure of the thesis.

1.1 Background and significance of the project

Superplasticity is a deformation mode associated with exceptional ductility that
certain materials exhibit when deformed under specific strain rate and temperature.
This phenomenon is widely employed in manufacturing processes such as superplastic
forming (SPF), where a metal sheet is formed into a die at high temperature. Titanium
alloys are commonly used in SPF for a wide number of applications for aerospace,
chemical, automotive, biomedical and marine [I, 2]. SPF is an attractive manufacturing
process due to the complexity of shapes that can be formed and low residual stresses
induced in SPF formed parts [3].

SPF dies are commonly made of heat resistant nickel-chromium cast steels, but
such materials are expensive and have very long manufacturing lead-time. The total
time to design, cast, machine and polish a metal die is typically three to eight months
[1. 4], which is a critical limiting factor for the improvement of the SPF process in mass
production. Lutjering et al. [5] evaluated the cost of the SPF manufacturing process
and identified the principal cost elements as the titanium sheet and the tool materials,
which must withstand prolonged time at elevated temperatures.

Recently, high temperature steels are being challenged by emerging materials such as
ceramic refractories, which present a lower production cost and exhibit shorter lead-time
[6,[7]. Low-cost ceramic materials are being used by a number of companies in high-value

aerospace tooling applications. These materials have the potential to revolutionise the



process economics of hot forming by reducing capital investment in existing processes
and shortening lead times for new product /process development. Ceramic materials are
brittle, but, as ceramic dies become more widely used, their design has been focused
on enhancing the overall ductility and increasing their lifespan employing reinforced
structures (particles, fibres or rods) [8, [7]. Consequently, brittle fracture is becoming
a secondary issue to the failure mode of ceramic tooling; instead, die surface wear and
spalling are still a major issue that reduces both die life and part quality, increasing
process costs [9].

Ceramic wear mechanisms have been studied for several manufacturing processes
conditions [10, 111 12 [13], but limited work has been done to assess wear of ceramic dies
under SPF conditions. This work addresses the lack of knowledge on wear mechanisms
that take place on the ceramic die working surface during the SPF process, through
the development of a laboratory test that simulates SPF conditions at the die working
surface. The outcomes of this research work deliver scientific knowledge of the ceramic
die wear mechanisms involved during the SPF process that are useful to prevent or retard
brittle fracture of ceramic dies. In addition, the laboratory test methodology proposed
in this thesis enables further research work on systematic testing of die materials and
coatings combinations in order to generate a database of materials wear behaviour
under SPF condition. Die design engineers can benefit from such outcomes during the
material selection process, by determining the appropriate die material and coating
for a sustainable wear ceramic die that can replace expensive metallic dies in the SPF

process.

1.2 Aim and objectives

The SPF process, due to its features, is restricted to low volume and high cost
products. This is a limitation for the development of new tool materials and tool im-
provements. Nevertheless, there is high interest from the manufacturers to decrease the
cost of the overall process in order to extend it to further applications. The replacement
of metallic with ceramic dies goes in that direction. In order to do so, it is crucial to
know the wear mechanisms that occur on the ceramic surface during the SPF process.
Thus, the aim of this work is to develop a laboratory test, which will assess the surface
wear of ceramic materials under high temperature forming conditions. In addition, this
test will be able to evaluate different protective coatings’ performances.

The author, with this work, wants to fill the knowledge gap existing in surface wear
testing of ceramic materials and coatings in order to get a better understanding of the
interactions that take place during the SPF process at the die-part interface.

In order to achieve the project aim the author will:



Objective 1: Conduct a review of the testing methods available to characterise surface

wear of ceramic materials;

Objective 2: Develop a laboratory test to assess coating performances and surface

degradation and coatings performance under high temperature forming conditions;

Objective 3: Validate the developed laboratory test assessing different ceramic mate-

rials and protective coatings.

Further out-of-scope objectives have been identified, which are complementary to

the objectives listed above:

1. Identify and down-select high-temperature resistant coatings for ceramic materi-

als;

2. Demonstrate the efficacy of different protective coating materials with the devel-

oped test.

1.3 Structure of the thesis

This work is structured in nine chapters. Chapter 2 gives an overview of the SPF
process, materials and tools based on the literature. Furthermore, the chapter describes
surface wear mechanisms of ceramic materials and experimental techniques for wear
assessment.

Chapter 3 discusses the research methodology followed to achieve the aim and
objectives. This chapter discusses the main research question regarding the laboratory
test developed and the supplementary research questions regarding coating solutions.

Chapter 4 focuses on the developed laboratory wear assessment method. The
chapter presents the materials and equipment employed to carry out the research work.
Attention is paid on the test rig and its operating modes (static and dynamic).

At this point the work shows three studies where the developed test method is used to
assess wear under SPF conditions. Chapter 5 evaluates two different uncoated ceramic
materials. The outcomes of the experiment are relevant for the selection of the ceramic
material to employ for the protective coating studies. In addition, a comparative SPF
trial have been conducted with a 200 ton SPF press.

From the literature review in chapter 2 an alumino-silicate coating material, made
of petalite, has been selected to investigate its performance as protective coating for
SPF ceramic dies. In Chapter 6 the use of the developed test is employed to evaluate
the optimal firing procedure of the petalite coating.

In addition, a market screening has been conducted to identify possible coating

candidates that could be employed on ceramic SPF dies. Three coatings have been

3



selected, and in Chapter 7 coating performance assessment is conducted under SPF
conditions.
Chapter 8 gives a general discussion of all the results from chapters 5, 6 and 7.
In addition, in this chapter the die-part interface protocol test is described: a guideline
procedure developed from the experience on the conducted studies, which can be used to
carry out future research on surface wear assessment of materials under SPF conditions.
The work ends with Chapter 9, where conclusions and suggestions for future work

are made.



Chapter 2

Literature review

This chapter identifies the requirements for an SPF die wear assessment. The first
section focuses on the superplastic forming process, its requirements and materials
involved, paying more attention to titanium alloys as the metal forming parts and
ceramic materials as dies. The chapter moves into the discussion of surface wear
mechanisms of ceramic materials. The chapter then deals with the state-of-the-art
test methods employed to assess wear of surfaces under high-temperature forming
conditions, in order to identify a suitable laboratory method to assess wear on SPF
ceramic surfaces. The last part of the chapter is dedicated to protective coatings and

release agents available for SPF ceramic dies.

2.1 Superplastic forming

Superplasticity is a phenomenon observed in certain materials where they exhibit
exceptional ductility when deformed under defined conditions. Superplasticity is com-
monly referred to as ductile tensile behaviour of the material; however, superplastic
deformation is manifested also under compression deformation [I4], I5]. Superplastic
metals typically present tensile elongation from 200% to 1000% [16], and under certain
conditions elongation can reach up to 5000% [17]. Elongations of this magnitude are
more common with plastic materials rather than metals; while considering formability
of metals, ductility is a limiting factor of sheet forming process capabilities, thus super-
plasticity is a significant advantage for metal forming processes. Figure shows some

typical structures made with the SPF process.

2.1.1 Requirements for superplasticity

In order to understand the SPF process, it is necessary to review the superplastic

behaviour of materials. The material grain structure is determinant for the achievable



Figure (2.1) Typical structures made with the SPF process: the fist superplastically
formed bubble in 1964 (1) from [I8]; a heat shield assembly (2) from [I9]; a nacelle inlet
superplastically formed (3) from [20]; in (4) a traditional access door on the left and a

simpler assembly made of superplastically formed 7475 aluminium [7].

tensile elongation and the superplasticity involved refers to the micrograin superplasticiy

[21} 22]. The basic requirements to observe micrograin superplasticity are:

o Ultrafine grain size material (10 pm or finer),
e Relatively high temperature (> 0.5 T},), and

e Controlled strain rate (1075 to 1073 s71).

Only a limited number of alloys available in the market exhibit superplasticity.
However, research effort has been spent to develop new superplastic materials, and an

increasing number of alloys have been grain-refined to induce the superplastic effect
23]
2.1.2 Characteristics of superplastic metals

The superplasticity of metals under tensile test can be observed above a temperature
value, which depends on the material. The superplastic forming behaviour of materials
can be described as a non-Newtonian viscous flow. Such materials’ flow stress, o, can
be described with the constitutive equation |16} 24, 25]:

o = Ke"eém, (2.1)

where K is a constant, € is the strain, ¢ is the strain rate, n is the strain hardening

6



parameter and m is the strain rate sensitivity index, defined as:

_ Oln(o)
m = @) (2.2)

Equation is also known as the Norton-Hoff power law relationship between Cauchy
stress, o, strain € and equivalent strain rate é. The strain-rate sensitivity (m) of a
material determines the forming capability in the SPF process, where the control of
forming process parameters become significant for obtaining the full potential of this
class of material, thus the process control behind SPF is more demanding than in
conventional forming processes (process temperature and material strain rate sensitivity
have a major impact on the achievable elongation). However, SPF’s unique capability of
fabricating complicated components in a single steps offers great advantages for several

applications.

2.1.3 Superplastic alloys

The grain size requirement for a metal to be superplastic restricts the number of
commercially available alloys that exhibit this characteristic. Several materials have
been produced in laboratories, but very few of them are available in the market [22].
As SPF technology improves, the process has been employed not only for aerospace and
architecture but as well in automotive. The most common materials are aluminium,
titanium and magnesium alloys [20] 23]. This work is restricted to the application of
the SPF process with titanium alloys. Future work might extends this investigation to

other superplastic materials.

2.1.3.1 Ti-6Al-4V

Titanium alloy Ti-6Al-4V is extensively used in engineering and, according to Ghosh
and Hamilton [26], it covers approximately 60% of total titanium production while unal-
loyed grades constitute approximately 20% of production and all other alloys constitute
the remaining 20%. The selection of the alloy type and grade depends on desired me-
chanical properties, forming process employed, service requirements and cost. Table
summarises the most common commercially available superplastic titanium alloys.

Ti-6Al-4V is a unique alloy regarding oxygen and nitrogen solubility at the intersti-
tial positions. This solubility makes possible a particular bonding technique, so called
diffusion bonding. However, its solubility creates problems that are not of concern
in most other metals when heated in air. The interstitial solubility of oxygen results
not only in a common surface oxidation, but in solid solution hardening of the surface

(alpha-phase), which reduces fatigue strength and ductility [16], therefore this layer has



Table (2.1) Superplastic properties of several titanium alloys [26].

Titanium alloy

a/p

Ti-6Al-4V
Ti-6Al-5V
Ti-6Al-2Sn-4Zr-2Mo
Ti-4.5A1-5Mo-1.5Cr
Ti-6A1-4V-2Ni
Ti-6A1-4V-2Co
Ti-6Al-4V-2Fe
Ti-5A1-2.55n

and near B
Ti-1.5V-3Cr-3Sn-3A1
Ti-13Cr-11V-3Al
Ti-8Mn

Ti-15Mo

CP Ti

Test temperature

°C)

840 - 870

850
900
871
815
815
815
1000

815
800
750
800

850

Strain rate

(s

1.3 x10 % to 1.3 1073

8 x 1074
x 1074
x 1074
x 1074
x 1074
x 1074
x 1074

NN NN

x 1074

[N}

1.7 x 1074

Strain-rate

sensitivity

0.75
0.70
0.67
0.63 - 0.81
0.85
0.53
0.54
0.49

0.5
0.43
0.60

Elongation

(%)

750 - 1170
700 - 1100
538
>510
720
670
650
420

229
<150
150
100

115

to be removed before parts are put in service.

2.1.4 Superplastic forming processes

Superplastic alloys have been employed in several sheet metal forming processes,

and the superplastic forming processes can be divided into two main families, which

are:

e Single sheet forming, and

e Multi-sheet forming/diffusion bonding.

In the following sections these techniques will be discussed.

2.1.4.1 Single sheet forming

During single sheet forming a gas pressure is imposed on the metal sheet, causing

the material to deform into a die configuration. The applied pressure is usually in the

range of 0.7 to 3.4 MPa [27], and for some shapes the pressure can reach values up to
7.0 MPa [28]. The single sheet forming method is illustrated in Figure which shows

a cross section of the dies and forming sheet. Dies and sheet material are normally

maintained at the forming temperature, and the gas pressure is imposed over the sheet,

causing the sheet to form into the lower die; the gas within the lower die chamber is
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Figure (2.2) Schematic representation of single sheet forming process. The blank is
loaded onto hot dies and clamped with a top die. The blank is then heated to the
superplastic temperature (depending on the blank material). The inlet valve on the top
die allows the introduction of an inert gas (such as argon). Controlling the gas pressure

it is possible to regulate the blank superplastic deformation and strain rate [26].

simply vented to atmosphere. The lower die chamber can also be held under vacuum,
or a back pressure can be imposed to suppress cavitation if necessary [16]. The gas flow
is controlled such that the induced strain rate in the forming sheet is maintained in
the superplastic range and the rate of pressurisation is nowadays determined by finite
element simulations citeNazzal2004,Sorgente2010. This pressure is generally applied
slowly, avoiding abrupt pressure changes, in order to prevent rapid strain rate that may
damage the forming part. The periphery of the sheet is held in a fixed position and is
dimensioned to be large enough to give space to a seal bead, which prevents the sheet
from slippage and draw-in and to form a gas-tight seal in order to avoid leakage of the
forming gas. Therefore, the sheet alloy stretches into the die cavity, and almost all the
material is used to form the part. The finished part shows considerable gradients in
thickness for complex and deep-drawn parts.

This process has been widely used to fabricate structural parts from titanium alloys,
aluminium alloys and other metals. Large and complex parts can be readily formed,
therefore, single-sheet superplastic forming is considered a near net-shape manufactur-
ing process. Multiple parts can be formed in a single process cycle; it has no moving

die components and it does not require mated dies.

2.1.4.2 Multi-sheet forming/diffusion bonding

Multi-sheet forming/diffusion bonding process, also known as SPF /DB, is a unique
process that combines the characteristics of SPF process with the ability of some mate-
rials to bond through material diffusion at a certain temperature. The SPF /DB process
evolved as natural combination of SPF and DB, as the process requirements (tempera-

ture and pressure) are similar [29]. The SPF /DB process can be done with two or more



Step 1 Step 2
Metal sheets

) 7

i 7

Step 3 Step 4

Die —j

2

T 7

Figure (2.3) Schematic representation of multi-sheet forming/diffusion bonding process
from [16].

metal sheets. A sandwich structure is formed with the SPF/DB process, as showed in
figure increasing the mechanical properties of the final part, reducing weight [26].
Different techniques have been employed to achieve diffusion bonds in predetermined
localised regions of the metal sheet. One of these involves the use of stop-off material
between the sheets in the selected areas where no bonding is required. The selection
of stop-off materials depends on the alloy being formed and the process temperature.

Common stop-off materials for titanium alloys are yttria (Y2Os3) or boron nitride (BN).

2.1.5 Superplastic forming equipment and tools

The superplastic forming method is different from more conventional sheet forming
processes. The forming environmental conditions are also different, which determine

the selection of equipment and tooling materials.

2.1.5.1 Forming equipment

In the superplastic forming process there is a need to constrain the forming tools
in order to counteract the forming gas pressure. Moreover, a seal is required at the
interface between sheet and tool around the periphery to prevent forming gas leakage.
A press is typically employed to fulfil these process requirements. Hydraulic presses
and mechanical clamping systems have been employed in superplastic forming [16].
The hydraulic press can be loaded and unloaded rapidly, but it requires a significant

capital investment. The mechanical clamping systems are cheaper, but slower to load
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and unload. In higher volume manufacturing plants robotic systems are commonly used
to aid the loading and unloading of parts, especially in high-temperature superplastic
forming operations, such as titanium alloys. The heating system is tailored to the
process temperature required and the allowable thermal gradients. In general electrical
heating is employed, in which resistance heating elements are embedded in plates placed

between the tooling and the press platens.

2.1.5.2 Tooling materials

Superplastic forming tooling is generally heated to the forming temperature, which
is in the range 850°C - 950°C for Ti-6Al-4V, and subjected to internal gas pressure
and pressing clamping loads. More crucial are the clamping loads and thermal stresses
encountered during heat-up and cool-down and the environmental conditions at forming
temperature. Thermal stresses can cause permanent distortions in the die, which are
avoided by selection of good strength and creep resistance materials at high tempera-
ture. Low thermal expansion materials are preferred for high temperature processes.
Furthermore, materials that do not show phase transformation during heating and cool-
ing are desirable.

The environmental conditions during the superplastic forming of high-temperature
metal sheets can be critical. Oxidation can alter tooling surface and affect the surface
quality of formed parts. The compatibility between the superplastic sheet, the releasing
agent and the tool is important as well. Chemical interactions can arise at the interface
tooling/sheet, above all when working with reactive materials such as titanium alloys,
resulting in degradation of tooling working surface and formed part. Generally, material
with low solid solubility with the sheet are good candidates for compatibility.

A variety of materials have been employed for SPF tooling, including metals and
alloys, ceramics and graphite [30]. Numerous metallic alloys have been developed over
the years to be suitable to the SPF environment [31]. Metallic dies are generally part
of the family Ni-Cr-Fe heat resistant cast steel. Die manufacturers, where the most
recognised are Aubert € Duval (France), Cronite (UK) and RTI International Metals
(USA), have carefully selected alloy composition in order to offer an optimal compromise
between manufacturing, performance and cost. Crucial factors of the die composition
design are the material castability, machinability and weldability [32]. Metal tools are
preferred for large production quantities, such as 100 parts or more. Graphite tools are
suitable for approximately 100 parts, although graphite involves cleanliness issues in
workshops. Ceramics can be cast into the desired shape and are therefore inexpensive
for a variety of large parts, although their brittle nature implies the use of ceramic tools

for prototypes or small production quantities, usually in the order of 10 parts.
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Ceramic dies For certain applications metallic dies suffer some limitations due to
long lead times and high non-recurring costs. Various works have been conducted to
develop SPF ceramic dies as a cheaper alternative to metallic dies for prototyping and for
small series and low-rate production [7], 32]. Non-reinforced ceramic dies are employed
in the field of SPF for medical and dental prostheses [33], 34, [35]. Reinforced ceramics
have been developed for the shaping of titanium aeronautical parts. Two strategies have

been developed for reinforced ceramics:

e Macro-scale reinforcement, and

e Micro-scale reinforcement.

Macro-scale reinforcement has been developed by the Boeing Company and it is
obtained by adding high-strength fused silica rods, which are cast directly into the
ceramic aggregate |7}, [36]. The rods are placed in specific positions of the die, depending
on its shape, in order to diminish twisting and deflection loads. The die life of such
stand-alone dies is substantially increased with this technique [36].

Micro-scale reinforcement has been studied in the last fifteen years by several re-
search groups. At the Research Centre on Tools, Materials and Processes of Ecole des
Mines d’Albi a reinforced ceramic has been studied, where the addition of short metal-
lic fibres improved the ceramic die ductility, which have been named fibre reinforced
refractory castables (FRRC) [37, 6l 4], [§]. The inclusion of fibres on the ceramic matrix
induce a quasi-ductile behaviour, in which the load is transferred to the fibres when
brittle matrix cracks.

Different approaches have been developed to enhance ceramic ductility. However,
little has been done in the past years to overcome the surface degradation of SPF
ceramic tools. Boeing has developed a cordierite-based ceramic glaze coating that can
be plasma sprayed onto the ceramic die surface to generate a protective shell [38|, while

Aurok Company is trying to develop suitable protective coatings for FRRC dies [32].

2.2 Surface wear of ceramic

In order to understand the wear mechanisms that take place at the die surface, this
section discusses the surface wear of ceramic materials. Ceramic materials are inorganic,
non-metallic materials. Ceramic materials can be crystalline or partially crystalline, and
they exhibit high stiffness, high strength, especially under compression loads, and great
chemical and thermal stability. On the other hand, due to the nature of the covalent
chemical bonds in the material, ceramic materials are brittle, thus material strength is

determined by initial crack concentration, which depends on the manufacturing process
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[39]. Dislocation mobility is almost negligible in ceramics, which affects the poor plas-
ticity of this class of material. Porosity created during the manufacturing process is the
main cause of initial crack generation, which affects the mechanical performance [39).
Wear is the term referred to the erosion of material from the original position in
a solid surface generated from the interaction with another surface [40]. The complex

nature of wear can be divided into different mechanisms:

Adhesive wear;

Abrasive wear;

Surface fatigue;

Fretting wear; and

Erosive wear.

The list is not exhaustive, as different wear mechanisms can be found in the litera-
ture, such as cavitation, corrosive and diffusive wear [41]. The listed wear mechanisms
are not mutually exclusive, thus the overall surface wear can be the result of different
wear mechanism contributions.

In SPF ceramic dies, the main contribution to the surface damage is due to adhesive
wear, oxidation and chemical interaction between ceramic and titanium alloy blank [32].
During the SPF process the titanium sheet slides on the die surface, thus in the following
sections adhesive wear during sliding will be discussed. In addition, attention will be
paid to surface damage characterisation and diagnosis, and the last section focuses on

friction properties of ceramic materials.

2.2.1 Sliding and adhesive wear

Sliding and adhesive wear refer to types of wear generated by the sliding of one solid
surface along another surface. Adhesive wear is as ambiguously defined as is sliding
wear, although the two are not synonymous. Adhesive wear denotes a wearing action
in which no specific agent can be identified as the cause of wear [40]. The study of wear
aims to identify and to define the specific wear modes in order to find ways to prolong
the wear life of sliding systems. Each wear mechanism can be contrasted by proper
choice of material, surface specifications, lubricant and method of operation.

When studying sliding surfaces, they are generally considered clean and dry. In the
real world, such surfaces are far from perfectly clean, and even if they were cleaned before
any operation, they become inevitably contaminated by the atmosphere. Standard

conditions of work can be defined for the three classes of materials:
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Figure (2.4) Schematic of two sliding solid surfaces with adsorbed films. When rough

surface are put into contact, the actual contact occurs only in a few isolated regions [40].

e Metals will usually be covered with a oxide film and adsorbed gases and hydro-

carbons;

e Polymer surfaces may contain absorbed water, mould release agents, adsorbed

gases and hydrocarbons;

e Ceramics will be covered with absorbed gases, hydrocarbons and water; in addi-

tion, non-oxide ceramics may oxidise.

The thickness of the adsorbed layers is of the order of dozens of nanometers. The
presence of these films may affect the bonding of sliding surfaces. Furthermore, varia-
tions in the thickness and properties of these films is one major reason for the very wide
range of friction data reported for all materials [40]. When two surfaces slide against
each other (cf. Figure[2.4)), absorbed films will be in contact and interact each other. If
the contact pressure is high, a solid layer may fracture and expose substrate material.
Small regions of both substrate materials may come into contact and bond together.

At the points of substrate-to-substrate contact, the bond strength depends on the
materials. Identical metals bond together when the bond strength is near the strength
of the metals. Dissimilar metals will bond with less strength at the beginning, but the
bond strength will increase with time, according to Fick’s diffusion laws [42]. Ceramic
materials will bond very well if the atomic lattices are well aligned. The bond strength
depends on the lattice dimension match. Oxides, sulphides and other compounds that
are usually present in the adsorbed layers are generally ionic or covalent structures.

Conformity of contacting surface is also a factor to take into consideration when
studying adhesion. Ductile materials conform somewhat via plastic deformation, unlike
brittle materials that do not conform. Furthermore, sliding adds shear stress to any

normal stress imposed, increasing the probability of plastic flow and fracture of materials
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in the contact regions. The sliding generates a layer of mixed substances, some of which
will fall out as wear debris, some others remains on one of the two sliding surface as a
transfer film. The properties of the mixed film depend on the contacting bodies, the

temperature, the chemical reactivity and many other parameters.

2.2.2 Surface damage

Surface damage can be defined as topographical or microstructural changes, or both,
in a surface layer. Surface damage in tribosystems can be generated in many consecu-
tive small steps, but several micromechanisms are active at the surface. The observed
damage is then the cumulative effect on a macroscale of micromechanisms. The topo-
graphical approach is based on a direct classification of surface damage features rather
than on the more traditional classification made considering wear mechanisms that are

active producing the damage.

2.2.2.1 Surface damage types

Damages on a surface can be classified in different types (cf. Figure , and
generally the pattern of the damage is a combination of them [43]. Therefore, the
examination and interpretation may be difficult, but the classification illustrated in
figure [2.5] is useful to explain surface wear and damages. The surface damage comprises
damage without and with exchange of material. The surface damages that do not imply
exchange of material arise when either a structural change, a plastic deformation or a
surface cracking takes place. The surface can be damaged after structural changes,
such as ageing, tempering, phase transformations or recrystallisation. Furthermore,
plastic deformation can cause surface damage. When surface cracking takes place, the
damage is caused by excessive local contact load or cyclic variations of thermally or
mechanically induced strains. The surface damages that imply exchange of material
can involve loss or gain of material. When loss of material takes place, material is
removed from the surface behind wear scars of various shapes and sizes. Fundamental
elements in the process of material removal can be shear fracture, extrusion , chip
formation, brittle fracture, fatigue fracture, chemical dissolution and diffusion. When
surface damage involves gain of material, particles are transferred on the surface from
the coutersurface.

Surface damages are normally a combination of different types of damage, which
means that several mechanisms are involved simultaneously during wear. The overlap-
ping mechanisms interact during surface operation, mutually increasing the effect of
one another, as for example in high-temperature erosion where simultaneous corrosion
and wear are involved. The oxidised layer is more prone to erosive wear, which in turn

increases the oxidation rate by exposing new metallic surface to the atmosphere.
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Figure (2.5) Classification of surface damage [43].

Occasionally the combined effect can result in a reduction of the damage effect. One
example of such a counteractive interaction is the suppression of severe adhesive wear of
metals in sliding contacts by the formation of an oxide layer the oxide layer reduces the
adhesive forces between the sliding bodies, which diminishes the probability of shear
fracture of the metal surfaces. In favourable cases, the friction is reduced and the

adhesive metallic wear is replaced by a mild wear of the slowly growing oxide layer.

2.2.2.2 Diagnosis of surface damage

For a better understanding of surface damages, topographical study of the surface
should be supplemented with microstructural studies on cross sections [40]. The struc-
ture and the composition of the damaged surface layer are often very different from
those of the virgin surface.

Tribographical studies of a damaged surface can identify the type of damage which
sets the life limit criterion. It is important to take into consideration the type of
problem the damage is causing and the effect of a certain type of damage on the surface
performance. In the next paragraphs the different surface damage modes of interest for

ceramic materials will be discussed.

Damage dominated by brittle fracture. Hard and brittle materials such as ce-

ramics, ceramic coatings, cemented carbides, cermets and hardened steels often shows
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brittle fracture as a mode of surface failure. The crack is generally initiated in localised
areas of the surface where the tensile stresses are concentrated and exceed the fracture
stress limit of the surface material. The type of damage can vary from a relatively
large scale fracture to fragmentation on the microscale [43]. Cracks can be generated
by scratching of abrasive particles, which may come off the surface. In addition, brittle
fracture is often associated with very high wear rates [43]. To prevent high tensile stress
concentrations, high point loads should be avoided, and in sliding contact this can be
achieved using smooth surfaces and rounded shapes. Furthermore, the presence of large
abrasive particles should be avoided. Differently from ductile materials, once the surface
of brittle materials has been damaged, the tribological response is most unlikely to be

re-established, even reducing the load.

Damage dominated by fatigue fracture. Surface fatigue fracture is generated by
repeated unidirectional or reciprocal sliding and it is often shown by the same types
of materials that suffer brittle fracture [43]. Hardness, toughness and the coefficient of
thermal expansion are the major material properties that have an effect on fatigue frac-
ture. Fatigue fracture can be avoided in sliding surfaces by reducing the shear stresses

using an efficient lubricant or by promoting friction-reducing layers at the surface.
Surface damage involving gain of material. Transfer of material from one surface
to the other, during sliding, occurs frequently. Generally, the added material may:

e Clad to the surface;

e Become embedded in the surface; or

e Successively build up a layer on the surface.

Transferred material may be either detrimental or favourable to the overall perfor-
mance of the sliding system. In some cases the added material acts as protection from

wear of the working surface.

2.2.3 Friction and wear of ceramics

Ceramics, which are inert non-metallic materials, and cermets, which are metallic
bonded ceramics, have been widely employed for tribological purposes although their
high manufacturing costs have limited their applicability to special applications, such
as high-temperature or corrosive environments. Ceramic products can be divided into

two classes, depending on their application, properties and manufacturing process:

e Fired clays consisting primarily of small crystals of hydrated aluminosilicates; or
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e Advanced ceramics which are pure dense oxides, nitrides, carbides and borides.

Ceramic dies are part of the class of fired clays. The high-tech products are used
in tribological applications. Whereas the fired clays consist of a glassy matrix, while
the high-tech ceramics are crystalline high density and high purity materials, with very
little, if any, glassy binder. Traditional ceramics have 5 to 15% porosity, while high-tech
ceramics present less than 0.5% porosity [44].

Ceramics can wear by chipping, due to their brittleness. Surface and subsurface
cracks form small chips of material and a fine powder is produced as this wear debris
grows up during the wear process. Ceramic materials are sensitive to any high contact
stresses that contain tensile components. Ductile materials, like metals and plastics,
can deform plastically to relieve high contact stresses before fracturing. Ceramic plastic
deformation is very small, when compared with ductile materials.

Increasing the temperature of a ceramic material to about 0.6 times the melting
point, T'm, increases the mobility of dislocations and increases the potential for plastic
deformation. Strength reduction and increased creep rates also accompany the rise in
temperature. However, the increase in plasticity with increase in temperature does not
produce the ductility that is common in metals: either a brittle or semi-brittle behaviour
persist [44].

During sliding of surfaces, brittle materials can show abrasion or erosion wear mech-
anisms. The wear behaviour is very different, but both these processes involve tensile
components in the contact state of stress. For abrasive wear, the wear rate is pro-
portional to the elastic modulus and inversely proportional to hardness and fracture
toughness. However, it has been shown that alumina and silicon carbides also exhibit
a sensitivity to microstructure during wear by scratch tests [45]. The grain size and
properties of the intergranular material were found to influence wear.

Ceramic materials are sensitive to strain rate, exhibiting an increased tendency to
crack when increasing the sliding velocity. In addition, ceramics are sensitive to impact,
which makes them vulnerable to erosive wear. The relative hardness of ceramic and
eroding material is crucial for the erosion mechanisms. When the eroding is softer or
about the hardness of the ceramic, a small increase in the eroding hardness causes a
large increase of erosive wear. When the eroding is much harder than the ceramic,
microstructure and fracture roughness become more important to the rate of erosion
[46]. Hard ceramics will resist particle erosion of soft eroding; when the eroding hardness
become harder, then the erosion rate can be minimised by increasing ceramic toughness,

through small grain size and minimising porosity.
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2.3 Wear assessment

This section focuses on the state-of-the-art of available testing and characterisation
techniques to assess wear of ceramic surfaces, preferably under SPF conditions. The
purpose of this thesis is to select, or develop, a test method for the wear assessment of
ceramic surfaces under SPF conditions.

The next section focuses on the different laboratory testing techniques that try to
simulate wear conditions at high temperature and/or under sliding for metallic and/or
ceramic materials. In addition, section addresses the characterisation techniques
that are usually employed to identify and study surface wear and damages. The last
section summarises the findings and states the requirements of the test method that

has been developed for this research purpose.

2.3.1 Laboratory testing

During the SPF process different interactions take place between the die and the
metal sheet, such as adhesion, mechanical interaction of surface asperities, ploughing of
one surface by asperities on the other, deformation and/or fracture of surface layers [47].
These interactions will usually occur simultaneously but they may arise in different areas
of the die. In the superplastic forming process the sheet is clamped along the border
of the die while the rest flows into the die cavity, driven by gas pressure. Considering
the die working surface, we can identify three most significant regions of die-blank

interaction, summarised in Figure [2.6

e Sealing regions: wear is mostly denoted by adhesion of die-blank;

e Sliding regions: wear is characterised by the sliding on the die surface of the blank

that is superplastically deforming; and

e Corner regions: wear is defined by both adhesion and mechanical interaction

blank-die surface.

A multitude of tests have been developed to evaluate die-blank interaction in metal
forming [47, /48], [49], although only a few of them have been applied to simulate hot form-
ing processes such as SPF [50]. In fact, very little has been done on the wear assessment
of ceramic dies during hot forming processes [51]. The outcomes of a systematic review
of tests available, which have been applied, or can be applied, to evaluate ceramic die

wear under hot forming conditions are summarised below.
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| Corner region |

Figure (2.6) Schematic representation showing the interactions that dies undergo dur-

ing the SPF process depending on the die area in consideration.

2.3.1.1 Strip drawing test

The strip drawing test, shown in Figure is a tribology test employed in sheet
metal forming to check friction conditions between two moving surfaces in contact. A
sheet metal sample is pulled over a surface that simulates the geometry of the die. The
test is usually performed to simulate the drawing process. It is usually performed to
evaluate lubricant and coating for the contact area between tool and metal sheet at a
deformation rate representative of the forming process [52} [53) 54, [55]. This type of test
has been performed with varying strain rate, temperature and geometry of the contact
surface and it is employed to study the effect of these parameters on the coefficient of
friction for aluminium alloys at temperature up to 500°C [47].

This method’s strengths are the stretching of the metal sheet during testing, the
different geometries employable and the strain control. The strip drawing test is effective
in simulating die’s corner areas during a forming process, but its ability to simulate other

die’s areas is limited due to the test layout.

2.3.1.2 Draw bending test

Similar to strip drawing, the draw bending test is based on the drawing process
of metal sheet. The draw bending test can be carried with several configurations,

such as stretching strips of metal around pins [49] [53], stretching under bending (c.f.
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Figure (2.7) Schematic representation of the test techniques identified: strip drawing

test, draw bending test, pin-on-disk,twist-compression test and Ford test.
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Figure [56] and bending under tension [48]. The test is employed to check friction
between metallic dies and aluminium sheets [57]. In addition, all the tests in literature

are conducted at room temperature, which is a weakness for our purpose.

2.3.1.3 Pin-on-disk test

This technique, shown in Figure is widely employed for friction measurement of
different materials. It consists on a rotating disc and a pin pushed onto the disc surface
with a controlled load. Pressure of the pin and velocity of the disc are the controlled
parameters. Pin-on-disk testers are available at operative temperature up to 1000°C
[51L 58, 59, 60]. The apparatus allows acquisition of friction coefficient, and disk and pin
analyses are employed for the evaluation of wear scars through SEM and profilometry.

With pin-on-disk it is possible to test wear of ceramic against metallic materials at
temperature up to 1000°C, controlling the pressure and the rotation speed. In addition,
the test gives information regarding friction coefficient and wear rate. A limitation of
this method is that the superplastic alloy is not stretched during the test and sliding
occurs repeatedly over the same location, which is not a proper representation of the

SPF process.

2.3.1.4 Twist compression test

The twist compression test, shown in Figure[2.7] consists of a rotating hollow cylinder
tool pressed against a fixed sheet metal specimen while pressure load and torque can be
measured to extrapolate friction coefficient. The circular wear track left on the cylinder
and on the metal specimen is used to determine wear rate. The twist compression test
has been employed to measure die-part interface frictional response under cold forming
operations [61] 62, [63, [50], but the torsion-compression state can be adapted to simulate

the sliding of metal sheet on the die during SPF.

2.3.1.5 Ford test

Friedman et al. [64] developed at Ford Motor Company a method to evaluate coat-
ings and lubricants performance for aluminium alloys SPF dies. The test is based on
measuring the force required to pull a test block with a specific surface over a sheet
sample. The system is placed in a furnace and a linear actuator, with a load cell, are
placed outside the furnace and linked with the sliding block through a pull rod. This
method is typically used for the estimation of friction coefficient. In addition wear traces

can be studied on both the titanium and die samples.
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Table (2.2) Summary of the identified test method employed to determine wear and

friction in sheet metal forming.

Strip Draw Pin-on-Disk Twist Required
drawing bending compression test

General Wear and Wear and Tribology of  Lubricants Friction
application friction in friction in surfaces performances between ceramic die
deep stretch during sliding metallic die  surface
drawing, forming, against and sheet wear
quick plastic deep drawing alumina or metal
forming of  of Al alloys diamond
Al alloys
Testing Up to 500°C  25°C Up to 1000°C  Up to 1000°C 500°C Above
temperature 850°C
Testing Qir, nitrogen  Air Air (most Air Air Air or argon
atmosphere or argon common) or
nitrogen
Plastic Yes Yes No No Yes Preferable
deformation of
sample
Sample Stretching Stretching Rotation Rotation Linear Not relevant
displacement and/or and/or against tool against tool
bending of  bending of
sample sample
Material of Metal Metal against Metal, Metal against Metal Ceramic
tools against metal ceramic or metal against against
metal polymer aluminium titanium
against alloys alloys
alumina or
diamond
Geometry of Strip Pin or Pin or sphere Hollow Flat Flat
tools surfaces cylinder cylinder

2.3.1.6 Test methods comparison

A number of standard methods for wear and friction measurement have been re-
viewed and their characteristics are summarised in table 2.2] These tests are employed
to estimate wear and friction behaviour between surfaces. The identified standard tests
have some drawbacks as they are often poorly correlated to true wear conditions that
occurs during the SPF process of titanium alloys. These tests can take into considera-
tion few parameters at a time, such as fixed or limited tool size or real surface contact
situations (a strip, a pin or a ball). The scope of this research work is to implement a
test method that is able to evaluate die-blank interaction under high-temperature SPF
conditions.

Five testing techniques have been identified and described above. Table sum-
marises the pros and cons of each testing method considering the characteristics of the
SPF process described in section [2.1]
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Table (2.3) Summary of pros and cons of each laboratory test.

Strip drawing + Stretching of metal sheet * Only friction measurement

+ Different geometries + Upto 500°C
« Strain rate control * Test only representative of
corners
» Test only metal against
metal

Draw bending + Stretching of metal sheet « Test at room temperature

« Strain rate control « Test only metal against
metal
Pin-on-disk + Test ceramic against * No stretching of metal sheet
metallic » For prolonged cycles
* Pressure control * Not really representative of
* Rotation speed control the stresses at the die-part
» Friction measurement and that occurs under SPF
wear characterisation process
Twist * Pressure control * No stretching of metal sheet
compression * Rotation speed control » Test at room temperature

« Friction measurement and
wear characterisation

Ford Test * Friction measurement of + Limited pressure control
sliding surfaces
* Linear speed control

The table shows that most of the tests are poorly correlated with the real conditions
experienced at the interface ceramic die-titanium part. None of the tests available is
truly representative of the SPF process because they have been either employed at lower
temperature or with metallic dies, or different part material. Starting from the pros
and cons of the available tests, a new test should be developed to simulate the real SPF
conditions at laboratory scale. The new test method should be able to investigate, and
better understand, the interaction of ceramic die-titanium part under SPF conditions.

The test should be able to simulate the most significant regions of SPF die-part
interaction: the sealing region; the sliding region and corners and edges. Ideally, the
test should be able to assess wear of ceramic tools against titanium alloy samples at
temperature of 900°C or higher, under a controlled strain rate. In addition, this labo-
ratory test should be able to identify die surface damages in-situ, in order to be able to
quickly identify ceramic die failure when transferring this technology into manufactur-

ing. Furthermore, the test should be able to give more information about the friction
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at the ceramic surface, which can be beneficial for finite element simulations.

2.3.2 Laboratory characterisation techniques

Many techniques for the measurement and characterisation of bulk materials and
their surfaces have been applied for tribological and chemical interaction. Furthermore,
specialised techniques have been developed in many cases to provide information of
unique laboratory tests. The following sections discuss the most commonly used char-
acterisation techniques of surface analysis. The purpose of this discussion is to give the
reader a broad picture of available methods among the laboratory characterisation tech-
niques that are employed to characterise wear and chemical interaction during sliding

of two surfaces.

2.3.2.1 Surface texture

In order to study the interaction of two solid surfaces when sliding over each other,
tribologists often measure and compare surface texture and roughness parameters, be-
fore and after the wear process, and at intermediate stages when possible. The study of
the relation between wear properties and surface texture can lead to the specification
of optimised surfaces depending on the various surface needs.

The term surface texture refers to the condition of a surface made of fine irregu-
larities (peaks and valleys) produced on the surface by the forming process. Surface
engineers, by convention, refer to the surface texture as the sum of two components:
roughness and waviness. Roughness consists of the finer irregularities characteristic of
the manufacturing process, while waviness is composed of more widely spaced irregu-
larities that are often produced by vibration in the manufacturing process. However,
the terms surface texture and roughness are normally used interchangeably [65].

There are two types of roughness measurements, depending on whether the surface
topography measurement is made simply along a line (profile method) or over an area
of interest (areal method). The profile roughness parameters are more common and are
defined with an R, while the areal roughness parameters give more significant values and
are defined with an S [65], but both are referred to surface roughness. Areal roughness
parameters are becoming popular due to the ability of optical instruments to inspect
the surface roughness over an area and they are defined by the standard ISO 25178
series [66].

In both types of techniques, surface roughness quantifies the vertical deviation of
the real surface from its ideal form. The value of the deviation gives a quantitative
analysis of the roughness grade of a surface. Roughness measurements are standardised
and consistent methods among surface engineers [67] and typical amplitude roughness
profile parameters are specified in Table
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Table (2.4) Roughness amplitude parameters description from BS EN ISO
4287:1998+A1:2009

Parameter Description Formula

Arithmetic average of absolute values of height 1 <n
R, . Ro = 5 X i il
calculated over the entire length

R, Root mean squared R, = \/%Z?:l 22

R, Maximum peak height R, = max (%)
R, Maximum valley depth R, = min (%)
R Average distance between the highest

peak,and lowest valley in each sampling length
Ry, Skewness of the heights distribution Ry, = nTl%g S
Ry, Kurtosis of the heights distribution Ry, = %Ré Yoy zf

The amplitude parameters are incomplete in the characterisation of a surface mor-
phology, as two surfaces (as in Figure can present the same R, parameters, but they
are completely different in nature. To discern the two surfaces a set of parameters, called
R-k parameters, are derived from a graphical construction on the Abbott-Firestone curve
[68] as defined in the ISO 13565-2 [69].

The Abbott-Firestone curve, also called bearing curve, is widely employed to reveal
tribological performance of surfaces. The bearing area curve is generated by simulating
a virtual horizontal line that move from the top to the bottom of the profile, evaluating
the percentage of contact the line would make with the surface at each level. The
resulting curve gives the percentage of the profile points at each height (cf. Figure .

Abbott and Firestone initiated the employment of the bearing curve in 1933, with
which they extracted three important parameters for the surface characterisation. The
peak roughness, Rpk, has been defined as the range of heights in between 2-25%, the
core roughness, Rk, in the range 25-75% and the wvalley roughness, Rvk, covers the
range 75-98% of the bearing curve [68]. The parameters calculated from the Abbott
curve are summarised in Table 2.5

From the bearing curve it is also possible to extrapolate volume parameters, in order
to evaluate the volume of material and void in the peaks and valleys respectively. The
volume parameters are interesting for the evaluation of the amount of peaks and valleys

and their distribution in the analysed surface. According to Michigan Metrology, LLC
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Figure (2.8) On the left two surface profiles with the same Ra parameter, but different

in nature. On the right, the Abbott-Firestone curve reveals the different surfaces nature.
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Figure (2.9) Calculation of the surface parameters from the Abbott-Firestone curve as
from ISO 13565-2 [69].
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Table (2.5) R-k parameters from the Abbott-Firestone curve.

Parameter Description
Ry Core roughness, the depth of the roughness core profile
Reduced peak height,
Ry the average height of the protruding peaks
above the roughness core profile
Reduced valley depth,
Rk the average depth of the profile valleys projecting
through the roughness core profile
The material portion mrl is determined
Rt by the intersecting line,which separates the protruding
peaks from the roughness core profile (expressed in %)
The material portion mr2 is determined
R by the intersecting line,which separates the valleys

from the roughness core profile (expressed in %)

[70], the volume parameters are defined as follows in reference to Figure , where the
material ratio Mr1 is defined by the peak roughness Rpk and the material ratio Mr2

is calculated by the valley roughness Rvk:

o V,,p the Peak Material Volume is the volume of material comprising the surface

from the height corresponding to a material ratio level Mr1 to the highest peak;

o V. the Core Material Volume is the volume of material comprising the texture

between heights corresponding to the material ratio Mrl to Mr2;

e V,. the Core Void Volume is the volume of void in the same interval calculated

for the Vi,,¢; and

e 1V, the Valley Void Volume is the volume of void comprising the surface from the

height corresponding to a material ratio level M2 to the deepest valley.

The material volume parameters are useful to understand the amount of material
that may be worn away and how much material is available to support the load once the
peaks are worn away. The void volume parameters are employed for considering fluid
flow, coating applications and debris entrapment. The Core Void Volume, V,., may be

useful to establish how much core space is void once a surface has been run-in resulting
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in decreased peak heights. Furthermore, the Valley Void Volume, V,,, indicates the

potential remaining volume after significant wear of a surface has resulted.

2.3.2.2 Confocal infinite focus microscope

Confocal microscopy is one of the possible non-contact available techniques for sur-
face topography imaging that is applied in characterising worn and damaged surfaces.
A confocal scanning optical microscope is able to produce optical images that main-
tain a clear focus over a large depth of field. Quantitative measurements of surface
topography can be obtained; surface roughness can be measured in opaque samples and
substructures can be characterised in optically translucent samples.

The term confocal means "single focus". Confocal microscopy relies on obtaining
confocality through a pinhole optic that prevents out-of-focus light reaching the image
plane. As Figure shows, the sample is illuminated through an objective lens with
a pinpoint of light and a pinhole aperture is placed in the reflected light path. Due to
the pinhole, reflected light from other regions of the sample is blocked. An image of the
sample is created by moving either the sample or the light source along a scan pattern
[71].

Confocal images allow three-dimensional reconstruction and sectioning of surfaces
[72]. Confocal microscopy is good for imaging and analysis of surfaces with large differ-
ences in height, which are difficult to study with conventional light microscopy. Confocal
images have very good resolution and sharp contrast levels; light reflected from sample
features away from the focal plane of the objective lens is blocked, so that out-of-focus
regions remain dark without deteriorating the image resolution.

Confocal images offer the possibility to study worn and abraded surfaces. Surface
damage can be characterised visually and quantitatively without physically contact-
ing the surface, avoiding the risk of creating additional damage during the measure-
ment. Confocal microscopy is commonly used in semiconductor surface analysis, bio-
logical samples, and other material applications [73]. In contrast to electron microscopy
(c.f. Section , samples do not need to be electrically conductive and vacuum

compatible.

Specimen requirements and limitations. Confocal microscopy is an optical tech-

nique, thus specimen requirements are minimal:
e Samples do not need to be electrically conductive or vacuum compatible;

e Opacity of the sample determines which features can be studied, but both opaque

and translucent samples can be analysed;
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Figure (2.10) Confocal microscopy.

e In opaque samples quantitative surface roughness can be measured, but subsurface

defects cannot be imaged;

e Features in opaque samples that are obscured from line-of-sight view cannot be

studied because the light is not able to reach them:;

e In translucent samples subsurfaces can be analysed, but the reflectivity of the
internal surface determine how well that surface will be visible in the optical

section; and

e Features with nearly vertical sides, such as cracks where the depth is much larger
than the width, are very difficult to resolve in confocal microscopy because the

light from these features is often not reflected back to the objective lens.

A limitation of confocal microscopy is the availability of objective lenses that have
the optimum magnification power to view features of interest in the specimen. The
objective lenses affects the three-dimensional resolution of the microscope; critical ob-
jective lens characteristics are the focus distance, the field of view and the numerical

aperture.

2.3.2.3 Electron microscopy

Scanning electron microscopy, commonly knowns as SEM, is a well established an-

alytical technique and its basic principles and instrument design are extensively de-
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Figure (2.11) Electron-sample interaction.

scribed by Bowen [74] and Goldstein [75]. The SEM offers high resolution images
(up to 10 nm) and chemical composition analysis of the sample with the same instru-
ment. Interaction of the electron beam with the sample causes several quantum-physical
interactions which include: secondary electron emission (< 50 e€V), backscattered elec-
trons (> 50 eV), cathodoluminescent, Auger electrons and characteristic X-rays emission
(cf. Figure . For the characterisation of the surface secondary electron emission,
backscattered electron emission and X-ray emission are of interest, thus the following

discussion will focus on these emission mechanisms.

Secondary electron emission. Secondary electron signal, which falls in the energy
range below 50 eV, is the primary source for surface topography with the SEM. The sec-
ondary electron signal is generated throughout the interaction volume (cf. Figure .
Due to the low energy involved, the detected signal comes from the first layers of the
specimen surface and it is strongly influenced by surface orientation. The maximum
escape depth is in the order of 1 to 10 nanometers, depending on the sample density
[76]. An element that is inclined to the beam appears brighter than one normal to
the electron beam. Brightness is enhanced at fine-scale roughness because of the larger
area from which secondary electrons can escape the sample surface. Electron beam
penetration depth can be enhanced employing higher accelerating voltages (15 - 20 kV)
[76].

Imaging of solid samples under the electron beam requires contrast between the
various features. The contrast depends of several factors, such as atomic number differ-
ences, crystallinity and surface potential [75]. In general, secondary electron emission is
insensitive to the atomic number, Z, although secondary electrons are also generated by
backscattered electrons that are sensitive to Z. Therefore, secondary electron emission

is indirectly affected by Z; for this reason phases with different average atomic num-
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bers can be distinguished in secondary electron images. Similarly, crystallinity does
not affect directly secondary electron emission, but backscattered electron emission is
sensitive to crystal degree and orientation of the sample, thus crystallinity influences

indirectly secondary electron emission as well.

Backscattered electron emission. Backscattered electrons are the electrons that
leave the specimen with energies grater than 50 eV and have a component of direction
of the velocity vector opposite to that of the incident beam. This includes inelastically
scattered electrons and, at high energy, primary electrons that elastically collided the
specimen with almost no loss of energy. Backscattered electrons normally have energies
from 0.5 to 0.9 of the incident beam energy.

The efficiency with which backscattered electrons are generated depends on the
atomic number involved. Heavy atoms are less efficiently backscattered than lighter
elements. The distribution of backscattered electrons is also dependent on the beam
orientation with respect to the sample surface. Because of these dependencies, backscat-
tered electron signals contain both topographic and compositional information.

Backscattered electron signal intensity is strongly affected by crystallinity of the
sample: the electron channelling is the ability of electron waves to propagate on a
crystal for long distances with negligible loss of energy [77]. This results in a variation
in contrast that distinguishes grain of different orientation at the surface of a carefully

polished polycrystalline sample.

X-ray emission. Specimen composition can be analysed using X-ray emission signal.
A small interaction volume (~ 1um3) enables the SEM, equipped with the proper
detector, to achieve compositional microanalysis. The X-ray emission can occur if the
incident electron energy is high enough to activate fluorescence of the atoms on the
specimen surface. The energy needed depends on the atomic number and the available
energy levels of the elements.

Two types of X-ray spectrometers exist. The wavelength-dispersive spectrometer
(WDS) separates the emitted X-rays according to wavelength. X-rays that enter the
spectrometer are Bragg diffracted by an appropriate single crystal, and the intensity is
measured by means of a proportional counter. By appropriately rotating and moving
the diffracting crystal and the counter, the spectrum of emitted X-rays can be scanned
in serial fashion. The minimum concentration of an element that can be detected can
be as low as 0.01% under favourable conditions.

The energy dispersive spectrometer (EDS) separates the emitted X-rays according
to energy. The energy selected by a semiconductor diode, which gives an electric signal

with intensity dependent of the X-ray energy distribution. The acquisition process is
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faster than in WDS, but EDS resolution is significantly poorer (~ 150 eV for EDS and
~ 20 eV for WDS).

The EDS detector needs to be cooled at approximately liquid nitrogen temperature
in a high vacuum. Protection from the sample chamber is normally provided with a
beryllium window, but polymers or diamond films can be employed as well. Absorption
of the window decreases the sensitivity of the detector at low energies. EDS systems are
simpler and cheaper than WDS systems. Both WDS and EDS systems use computers
for control and data acquisition. Accurate X-ray emission results require a smooth and
homogeneous surface of the sample. The data analysis may be semiquantitative (with-
out reference standards) or quantitative (with standards). In the case of quantitative
analysis, prior collection of spectra from reference specimens with known concentration
of each element present in the sample is required. In addition, the X-ray signal can be
employed to generate maps showing the distribution of elements over a scanned area of

the sample surface.

2.4 Coating materials and release agents for SPF ceramic

dies

A suitable surface treatment can introduce important benefits to the working sur-
face of ceramic dies, protecting the interface die-part from wear, and preventing the
formation of cracks [38, [7, 32]. This section focuses on coatings and release agents that

have previously been studied or employed on SPF ceramic dies.

2.4.1 Cordierite

Cordierite is a magnesium aluminium cyclosilicate; stoichiometric cordierite is a
composition of magnesium oxide, aluminium oxide and silicon oxide in ratio 2:2:5
(2M gO — 2Al,03 — 55i02). Cordierite is a refractory material and it has been studied
as a coating for ceramic materials for hot forming applications [78] [7]. A cordierite
coating has been studied (and patented) at the Boeing Company (US 6,692,844 [38])
as a protective coating for SPF ceramic die. Cordierite has three different crystalline

forms:
e u-cordierite, often referred to quartzss, which is metastable;
e Indialite
e o-cordierite

Where each crystalline form has different physical properties, including coefficient

of thermal expansion (CTE) and glass-transition temperature (7,). The deposition
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of the coating has been tailored in order to match the CTE between the cordierite
coating and the substrate (silica based concrete). Amorphous cordierite coating showed
a greater CTE than crystalline ones. Cordierite glasses crystallise into a metastable
hexagonal low temperature phase, which resembles quartz, hence the name quartz solid
solution (quartzgs). At higher temperature, the metastable p-cordierite transforms to
either hexagonal phase (indialite) or orthorhombic phase (a-cordierite) [79]. Weaver,
et al. [78] investigated the effect of the crystalline phases and titanium oxide addition
effects on the final CTE. Titanium oxide is a nucleating agent that decreases Ty and
stabilises the p-cordierite phase. Furthermore, the titanium oxide content affects the
CTE, thus the coating CTE can be tailored through the titanium oxide concentration
on the ceramic-glass.

Cordierite coatings have been deposited via air plasma spray, and the deposition

process can be summarised in the following steps:

1. Raw material sieving and mixing;

[\)

. Sintering of the mixture in order to obtain crystalline cordierite;

3. Milling of the crystals and resizing of the powder to sprayable size; and

W

. Air plasma deposition.

2.4.2 Release agents

Boron nitride (BN) is typically employed in SPF for both metallic and ceramic dies
as a releasing agent. Blohowiak and Newquist in their patent [80] dissuaded the use
of boron nitride on ceramic dies for temperatures above 800°C, suggesting instead to
use cerium oxide (CeOz). Ceramic dies present high porosity, compared to metallic
dies, where porosity is a source of oxygen that oxidise boron nitride to boron oxide
(B203) that bonds to the high reactive titanium alloys surface. Cerium oxide is thermo-
chemically stable at SPF operational temperature and it forms neither compounds nor
eutectic compositions with either the titanium part or the ceramic die constituents.
Furthermore, cerium oxide does not sinter and remain in powder form up to 800°C.
Moreover, cerium oxide powder is red-brown; its natural colour is different from ceramic
dies and titanium part, which makes it easy to identify on the die surface. Cerium oxide
is usually used as a final polishing material in the glass optics manufacturing, so it is

readily available, and it is not considered a hazardous or toxic material.

2.5 Conclusion

Superplastic forming (SPF) is employed to form high-value advanced alloys for

aerospace applications. Superplasticity of materials is observed at elevated tempera-
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ture when the material grain size is finer than 10 pum, under a controlled strain rate.
Nowadays, only a limited number of alloys available in the market exhibit superplas-
ticity, such as Ti-6Al-4V, which has been extensively employed in manufacturing of
aircraft components. Several SPF processes have been developed and different tooling
materials have been employed. For this research work, the author focused on SPF of
single Ti-6Al-4V sheet blow formed with ceramic dies.

Ceramic materials are brittle and strength is determined by initial crack concentra-
tion. Under SPF conditions, the main contribution to the surface damage of ceramic
die is due to adhesive wear and chemical interaction between the die and the titanium
alloy forming part. Ceramic wear resistance is affected by chemical reactions, which
occur at the ceramic surface with the environment. Furthermore, brittle materials are
much prone to early failure due to cyclic stressing. The type and extent of failure of a
surface depends strongly on the process used to form and prepare the surface.

From manufacturers experience [7, 32, 81], surface damages observed on SPF ceramic
dies is dominated by brittle fracture that generates surface cracking and gain or removal
of material from the surface. Sliding, abrasion and erosion can take place on ceramic
surfaces. The grain size and properties of the intergranular material in the ceramic
influence the wear and the relative hardness of ceramic and eroding material properties
are crucial for the erosion mechanisms. In fact, the removal of hard particles from
ceramic surface increases the cyclic wear rate.

A review of the available laboratory test methods has been conducted, in order to
identify a suitable test able to assess the wear of ceramic dies under SPF conditions.
A multitude of tests have been discussed although they all present some limitations to
simulate surface condition of ceramic dies under titanium alloys superplastic forming
conditions.

A test method is needed to investigate and better understand the interaction of
ceramic die-metallic part under SPF conditions. The test should be able to assess wear
of ceramic tools against titanium alloy samples at temperature above 850°C, under a
controlled strain rate. In addition, this laboratory test should be able to identify die
surface damages in-situ, while giving information about friction coefficient. Cordierite
is the only material that has been already studied as protective coating for SPF ceramic
dies. Different release agents have been employed on SPF ceramic dies, such as boron
nitride (more common) and cerium oxide.

The literature review gives the background knowledge required to understand this
research work, making aware the reader of the forming process, the employed tooling

materials and the problems and limitations involved.
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2.6 Summary

The literature review is divided into four main topics. The first part discusses about
the theory of superplasticity, superplastic materials and the superplastic forming. In the
second part are discussed the surface wear mechanisms of ceramic materials. Then, the
wear assessment methods are showed in the third section. Finally, the chapter concludes

with a review of available coatings for superplastic forming ceramic dies.
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Chapter 3
Research methodology

The literature review revealed a lack of test methods to investigate the die-part
interactions under controlled conditions that can simulate the SPF process. This
chapter discusses the research strategy employed by the author to fill this knowledge

gap existing in surface wear testing of ceramic materials under SPF process conditions.

3.1 Motivation of the research

In the last ten years researchers have been working on new reinforcing technologies
to improve ceramic die design to increase their lifespan [I], [7, 37, [0 4, 8]. Ceramic
brittle fracture is becoming a secondary issue, while surface wear and spalling is still
a poorly-defined problem in SPF, which reduces both die life and part quality and,
thus, increases the process costs. The considered forming process is a high-value/low-
volume manufacturing process, where the study of the interactions during the process is
difficult and expensive. Furthermore, the previous chapter showed that there is a lack
of understanding regarding the interactions that occur at the die-part interface during
the high-temperature forming process.

The reason for this knowledge gap, despite the interest of manufacturers, lies in the
absence of a significant laboratory test capable of simulating the SPF process. Such
a test would be helpful to understand the chemical and physical interactions and to
generate a wear mechanism model.

The Advanced Forming Research Centre (AFRC), with its industrial sponsors, has
put great effort on the employment of low-cost ceramic materials in SPF dies and they
are interested in the characterisation of the wear mechanisms of ceramic die surfaces
that take place during SPF processes.

This research interest is focused on developing knowledge regarding possible surface
treatments and coating solutions that protect the ceramic die surface from crack gen-

eration and prevent excessive wear at high temperature. To support these aims, the
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research targets here can be summarised as follows:

e Create a standardised laboratory test for ceramic wear analysis under SPF con-

ditions;

e Generate knowledge on the chemical and physical interaction at the die-part in-

terface during the SPF process; and

e Evaluate the effect of surface treatments/coating solutions on die surface degra-

dation.

The research outcome will be a test protocol for the characterisation of the inter-
action at the die-part interface under SPF conditions. The test protocol proposed in
this work is focused on ceramic die materials and coatings, however, the test protocol
can be extended to metallic die materials as well. The author contribution to the test
protocol development lies on the data analysis methodology and results interpretation
in relation to the selected key metrics indicators, rather than on the development of the

test rig, which was already available at the time this research work started.

3.2 Research question

The literature review shows that a number of standard methods to characterise
wear and friction of surfaces have been put in place to assess either metallic or ceramic
materials. However, they have some drawbacks as they are often poorly correlated to
true wear conditions of the SPF process (cf. table[2.3). These tests can take into con-
sideration few parameters at a time, and they are often run at temperatures far below
the typical SPF temperature of titanium alloys. With this work, the author wants to

answer to the following (main) research question:

How can we evaluate the interaction at the die-part interface under SPF

conditions?

A test method should be developed to be able to answer the research question. The
literature review gives information on the requirements for the test method; it should
be able to represent the conditions of the forming process in order to analyse the die
wear and friction against part.

This work is an engineering-oriented research, based on technology. As with all
engineering-oriented research, this work is driven by the need for performance [82] and
it focuses on the application of suitable technologies. This study wants to develop a

test method that is able to recreate the SPF conditions at a laboratory scale. The test
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method will be employed to characterise wear of ceramic materials currently employed
as SPF dies; it will assess other technical ceramics that could be employed in SPF; and
it will evaluate possible protective coatings for SPF ceramic dies. The implementation
of such a test method will answer the research question stated before. In addition, the

test method will answer further (secondary) questions, which are:

e Would it be possible to assess the effectiveness of a protective coating for SPF

ceramic dies? and,

e Would it be possible to identify a suitable coating able to improve ceramic die

life-time?

Research can be distinguished into two categories: pure research and applied re-
search. Pure research contributes to a deep theoretical understanding and for a more
abstract formulation of the phenomena, while applied research contributes for making
human intervention in real world environments more effective [83]. This work falls in
the category of applied research, and it focuses on the employment of a technology into
a process and often it is problem-oriented. This type of research describes a problem
and it tries to identify adequate techniques to solve it [84].

Technology readiness levels (TRL) have been created by the National Aeronautics
and Space Administration (NASA) in 1989 to define the maturity of emerging tech-
nologies and then adopted in several specialised areas, such as software, biomedical and
manufacturing. TRL comprises nine levels (cf. Figure , from pure research to full
rate production demonstration. When considering the TRL for manufacturing, this
work ranks in the interval 3-5, in between research to prove feasibility and technology
development.

The outcomes of this research will give a better understanding of the wear mech-
anisms of ceramic dies under SPF conditions, producing knowledge in a laboratory
environment, and it will enable further research to study possible protective coatings to

be employed in ceramic dies.

3.3 Research strategy

The previous chapter described the available laboratory tests employed to study
wear of sliding surfaces. All these tests are often poorly correlated with the ceramic die
SPF conditions because they have been either employed at lower temperature or with
metallic dies, or different part material. The discussed laboratory tests are the starting
point for the development of a suitable test method.

This work addresses the problem of identification and characterisation of surface

wear of ceramic materials, with or without protective coatings, during high-temperature
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Figure (3.1) Technology readiness levels (TRL) for manufacturing [85].
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Figure (3.2) Research strategy diagram.
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forming processes. The strategy applied by the author to answer to the research question

is based on six steps, as showed in Figure 3.2
1. Define the problem;
2. Background research;
3. Specify requirements;
4. Evaluate and choose solution(s);
5. Develop and prototype solution(s); and

6. Test solution(s).

The previous chapters defined the problem and presented the state-of-the-art of
surface wear assessment methods. The overall objective of this research is to understand
the wear mechanisms of SPF ceramic dies and to study protective coating solutions;
therefore, the following chapter will introduce the test method developed to answer the

research questions.
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Chapter 4

Equipment and materials

In the previous chapter the state-of-the-art on SPF in wear assessment has been
described and the requirements of the SPF process have been defined. As part of
the research strategy, this chapter considers a solution definition, in order to develop
a suitable test method. The test method is able to simulate the ceramic die-titanium
sheet interface at superplastic forming conditions has been developed and it will be
described in this chapter. Characterisation methods and the materials employed will
be discussed as well, clarifying the selection process for coating materials, in order to

answer to secondary research questions stated in the previous chapter.

4.1 The wear assessment method

4.1.1 The test selection

Different tests have been developed to evaluate die-blank interaction in metal form-
ing [47, 48, [49] [50], although only four of them have been applied to simulate similar
forming processes to SPF for titanium alloys. In fact, very little has been done on the
wear assessment of ceramic dies during hot forming processes [51]. The literature review
in Chapter [2]reveals the possible test methods that have been already employed, or could
be applied, to evaluate ceramic die wear under high-temperature forming conditions.

When considering SPF of titanium alloys, the critical parameters for test selection
include the ability to test at temperatures above 850°C and strain rates in the range
from 0.001 to 0.1 s~ [26] or even slower. Ideally, in light of what it has been discussed
in chapter [2| with such a test we should be able to:

e Impose a pressure between a ceramic die and a titanium alloy part in the pressure

range applied in SPF process (cf. chapter [2));

e Testing at the titanium alloy’s superplastic temperature range (above 850°C);
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Figure (4.1) Test methods limitation in terms of capability to simulate die-part in-
terface interactions during the SPF process. The new test method should be capable of

simulating all the interactions that take place at the die surface during SPF.

e Simulate the sliding that occurs during SPF of titanium parts against ceramic
dies, imposing shearing at the die-part interface (through plastic deformation or

rotation of the titanium sample);
e I[dentify die surface wear in-situ;

e Extrapolate a friction coefficient that could be used in finite element simulations.

An evaluation of the available test methods has been undertaken by the author,
which is summarised in table 2.2] in chapter [2| in order to develop a test method that
fulfil the SPF requirements. Figure shows the major limitation of the test methods
discussed in chapter [2| which relies on the ability to simulate a proper die-part interface
interaction. Fach available test method is able to simulate only one of the conditions
that take places at the die surface during SPF, while the new test method should be
able to simulate multiple conditions.

The author identified at the Advanced Forming Research Centre a testing equipment
available to generate testing condition similar to the one described by Friedman et
al. [64] for the Ford test. The identified test rig has a rotational geometry, differently
from the linear geometry of the Ford test. In addition, the test rig have been designed to
carry out experiment under titanium alloys forming conditions. The following sections
focus on the test rig employed and the design of suitable tools to develop the new

laboratory test to assess SPF ceramic die wear.
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Figure (4.2) The test rig employed to simulate the superplastic forming process at
laboratory scale. It comprises two stacks and a cylindrical furnace. Each extremity
of the stack has an interchangeable tool, which can be either the sample holder or the
metallic/ceramic tool. The rig is able to apply pressure and rotation to the tested sample,

controlling applied load, rotation speed and temperature.

4.1.2 The test rig

The available experimental apparatus showed in Figure has been previously
designed by researchers at the AFRC [86] to test the interaction between metallic die
materials and titanium alloys under SPF process conditions. The test rig is a unique
piece of equipment in which the SPF process can be simulated at a laboratory scale.

The rig is equipped with a cylindrical furnace, which wraps around both the stacks
when in operation. The furnace is able to achieve operating temperatures up to 1000°C.

The rig is composed of two stacks. The bottom stack introduces a static load in the
range from 1 to 20 kN over a variable surface up to 2.0 1072 m?, that simulates the
gas pressure in the SPF chamber. The top stack is linked to a rotation motor, where
rotation speed ranges from 0.001 rpm to 0.1 rpm, and each extremity of the stack has
an interchangeable tool set.

The rig is connected to a control unit, which records temperature, applied normal

force variation, rotation speed and torque.

4.1.3 Tool design

Part of the author contribution to the experimental apparatus comprises the design

of the tools that enable the rig showed in section[f.1.2)to test ceramic materials. The test
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Figure (4.3) Schematic representation of the end tools of the rig employed for the two
test modes: a static mode test (compression), where pressure is applied to ceramic sample
and metal sheet specimen; a dynamic mode test (compression -+ rotation), where pressure
is applied to the ceramic sample and torque is applied at the metal sheet sample to obtain

shearing at the interface ceramic-titanium alloy.

rig is employed to carry die-part interface (DPI) experiments. The DPI test comprises
two experimental configurations (cf. Figure : a static mode (compression) to test
adhesion wear; a dynamic mode (rotation and compression) to simulate sliding of metal
sheet on die surface. The static mode test simulates the conditions of the sealing area
on a ceramic die (cf. Figure , while the dynamic mode test simulates corners and
sliding areas.

Two sets of end tools have been designed by the author and made at the AFRC
(cf. figure . A comprehensive discussion of the tool set design has been conducted
by the author in a previous work [87] and it is summarised in table The tool de-
sign takes into consideration applied load, operational temperature, time at operational
temperature, atmosphere and geometric restrictions. Three tools have been designed by
the author to enable the testing of ceramic materials: One lower tool has been designed
to hold the ceramic sample in position and two upper tools have been designed for the
static and dynamic test respectively. The tools have been made of stainless steel 316L
grade, and thermal expansion considerations have been taken into account during the
design process. The thermocouples have been placed on the tools in order to control
temperature during the test in different region of the samples. Thermocouple positions
are showed in table [41]

Depending on the selected DPI test mode, a different end tool set is assembled into

the rig. Figures[f.4la and b show the end tools for static and dynamic test respectively.
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Purpose

Material

Design
considerations

Dimensions

Additional
features

Temperature
control

Table (4.1) Specification of the tools design.

Lower tool

To hold ceramic sample in
position

Stainless steel 316L

Thermal expansion
dL = (oss316L — “ceramic)LoAT

@ 80 mm
h 50 mm

A: Ceramic sample
stopper

T,: thermocouple in
contact on the side of
ceramic sample (distant 20
mm from testing surface)

T,: thermocouple in
contact on the side of
ceramic sample (distant 5
mm from testing surface)

Upper tool
Static mode

To compress Ti sample
against ceramic sample

Stainless steel 316L

7 80 mm
h 50 mm

B: Hole to easy remove Ti
sample when it sticks to
the upper tool

T,: thermocouple inside
upper tool 5 mm deep in
the tool diameter and
distant 5 mm from testing
surface

T,: thermocouple inside
upper tool 40 mm deep in
the tool diameter and
distant 5 mm from testing
surface
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Upper tool
Dynamic mode

To compress Ti sample
and to transfer rotation
from upper tool to Ti
sample in order to get
sliding of Ti sample
against ceramic surface

Stainless steel 316L

Thermal expansion
dL = (osszrer — Omiga)loAT

@ 80 mm
h 50 mm

C: Hole to easy remove Ti
sample

D: Ti sample holders to
keep sample in position
and transfer rotation

Ts: thermocouple in
contact with Ti sample
(distant 5 mm from testing
surface)



The end tools (cf. figure [4.4lc) are placed at the extremities of the bottom and top
stacks in the test rig, and comprise a bottom tool, which is a ceramic sample and its

holder, and a top tool, that is a titanium sample holder.

4.1.4 Correlation between strain rate and rotation

The DPI test involves a rotational sliding of a non-deforming titanium sample
against a ceramic surface at SPF temperature. Figure [£.5] summarises the concept
behind the selection of the proper rotational velocity to simulate the sliding of a tita-
nium blank onto the die surface during SPF. Considering the one-dimensional problem
of discrete elongation of the titanium blank during SPF, and constant elongation rate

along the considered time, the sliding velocity can be defined as:

N _Ly—Ly AL
Usliding = tf—tO N

where Ly is the length of the bar at the time ¢y. Depending on the strain rate and

(4.1)

the die geometry, the titanium sheet will take a certain amount of time to completely
deform into the die. If the imposed pressure is constant, the sliding velocity of the
titanium blank on the die surface can be assumed to be constant.

The DPI rig can simulate the sliding velocity by imposing the rotation of the tita-
nium sample on the ceramic sample surface. The rotational velocity of the titanium
sample can be controlled in the DPI rig. The author assumed, to ease the calculation,
that the contact area between the ceramic sample on the bottom tool and the tita-
nium sample on the upper tool is a circle inscribed into the area of the ceramic sample.
Once the sliding velocity vgiging is obtained from die geometry and SPF simulation, the

angular velocity on the DPI rig can be calculated as:

Uslidin
= Tg (4.2)
where r is the radius of the area of contact.

The correlation between sliding of blank material onto the die surface during the
SPF process and the rotational sliding of titanium sample against the ceramic surface
in the DPI rig does not take into account the plastic deformation of the titanium that
occurs during SPF. The absence of plastic deformation of the titanium sample in the
DPI rig is a limitation of the experiment, which leads to a lower chemical interaction

at the die-part interface [9, [41].

47



Tools for compression mode Tools for compression +
rotation mode

| Tisample

b

Lower Die

Ceramic sample | |

Figure (4.4) The end tools manufactured for the two DPI experiment modes. The
static mode configuration (a) is composed of a ceramic sample holder and a ceramic cube
sample, where a thin titanium sample in hold on top. The dynamic mode configuration
(b) is composed of a different top tool, where a thick titanium sample - with T shape in
section - is hold on the top in order to induce the rotation of the titanium sample onto

the ceramic die surface. The disassembled end tools are showed in (c).
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Table (4.2) Summary of the key metrics evaluated for the different die-part interface

experiment mode.

DPI test Hot cracking Surface degradation Scale Chemical Fricti
riction
modes Surface Thermal Surface Thermal accumulation inspection
thopography  images thopography  images

Static

v v v v v v
mode
Dynamic

v v v v v
mode

4.2 Characterisation methods

The aim of the DPI experiment is to evaluate the resistance to thermo-mechanical
cycles of coated and uncoated working surface under SPF conditions. The author pro-

posed four key metrics to evaluate coating performance:

e Die resistance and surface degradation;
e titanium part scale accumulation;
e chemical interaction; and

e friction.

The key metrics are evaluate depending on the DPI test mode in use, as shown in

Table 4.2

4.2.1 Die resistance and surface degradation

Die resistance and surface degradation are investigated by visual and quantitative
measurement of 3D surface topography changes before and after the experiment. Imag-
ing confocal microscopy is employed to record the surface degradation of the die, ac-
quiring the surface topography and areal surface roughness - Sa(Die) - before and after
each experiment.

An Alicona InfineFocus confocal microscope is used for the acquisition of a sequence
of confocal images through the depth of focus of the objective; 5x magnification is
employed for the measurement, with 400 nm and 55.99 um as vertical and lateral
resolution respectively.

Thermal imaging has been widely employed in hot-forming to evaluate in-situ die

degradation [34]. Such a technique enables the identification in-situ of the surface
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damages or material accumulation during the unloading of titanium sample from the
die. A Land Instruments FTI-E 1000 thermal imaging camera has been installed to
monitor the die condition in-situ. Thermal images are recorded to monitor the ceramic

surface degradation during the loading and unloading of titanium sheet specimens.

4.2.2 Titanium part scale accumulation

Imaging confocal microscopy is employed as well to monitor the titanium part scale
accumulation after each testing cycle. Visualisation of the surface area is a powerful tool
when associated to topographic surface analysis. Significant information can be extrap-
olated directly from the plot of the surface, while quantitative data can be calculated
from surface roughness parameters; for instance, peaks are important when considering
friction and wear properties, as the interaction between surfaces concentrates around
them, while valleys are important for the retention of lubrication [8§].

For both qualitative as well as for quantitative characterisation, 3-D analysis is a
powerful tool which can give greater information compared with conventional 2-D meth-
ods. 3-D analysis, or areal analysis, can give several parameters that helps recognise
different wear mechanisms [89].

Single parameters, which are inherently synthetic, cannot completely describe the
complex reality of a surface. Each parameter can only give information about some
specific features of the microgeometrical texture, and this requires interpretation [88].
As discussed in section , the Ra parameter (or Sa when referring to areal analysis)
on its own does not describe the functional behaviour of the surface, and many existing
surfaces can be characterised by the same Ra value but are really different with respect
to functionality (cf. Figure . The Sa parameter has been employed by the author
as a process control parameter in the characterisation of the DPI test outcomes, since
changes in Sa value may indicate that some surface conditions have changed. Each
titanium sample Sa(T') is measured and it is employed to detect major changes on
the testing surface of titanium samples. However, Sa parameter does not give any
information about the functionality of the surface, thus 3-D roughness parameters have
been employed to characterise wear mechanisms. The volume of asperities Vmp(T4%)
and voids Vov(T') on the titanium surface, together with visual examination of the die
surface topography, are employed in this work by the author to identify and characterise
the wear mechanisms involved.

Surface roughness parameters have been extrapolated using a dedicated commer-
cial software (IF-MeasureSuite v4.1) provided by the confocal microscopy manufacturer
(Alicona Imaging GmbH). A comprehensive discussion of data acquisition and analysis
procedure is given in appendix [B] This characterisation technique enables a quantitative

analysis on the surface degradation of the die through the study of the surface roughness
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Table (4.3) SEM sample preparation procedure for coated and uncoated ceramics.
NOTE: the sample preparation procedure has been optimised by the author starting from
the suggested procedure in the Buehler catalog [90].

. . Load Base speed Relative :

Diamond Grinding 75um Diamond

::Ii)linguehlerApex oepy W ater cooled 35 300 Same Until plane
TexMet P 15um Diamond 25 150 Inverted 6:00
VerduTex 6um Diamond 25 150 Same 4:00
VerduTex 3um Diamond 25 150 Inverted 4:00

change during the die lifetime.

4.2.3 Chemical interaction

A Quanta FEI scanning electron microscope (SEM) is employed for visual and chem-
ical inspection of samples’ surface and fractography for failure analysis. In addition,
chemical interactions are studied with energy dispersive X-ray (EDX) spectroscopy
available with the SEM in use.

Ceramic materials are extremely hard and brittle and may contain pores. Sectioning
of ceramic samples has been performed using a diamond blade. For coated ceramic
samples, the orientation of the sample during sectioning has been chosen keeping the
coating in compressive state. Deformation of the sample is not a problem for ceramic
materials, however, during preparation care mast be taken in order to avoid break out
of grains or cracking of the sample.

Vacuum infiltration of low-viscosity castable epoxy is employed for sample mounting.
Pullouts of material is the major problem that arises during SEM sample preparation
of ceramic samples. To avoid this problem, mechanical preparation of samples has
been conducted with rigid grinding discs and hard cloths [90]. The sample preparation
procedure is showed in table[f.3] Care has been taken during grinding of coated samples:
to be sure that cracks on the coating have not been generated during sectioning, the first
grinding step has been conducted up to three times, checking with optical microscope
every time if new cracks arise. After preparation, samples have been dried under vacuum

for at least 48 hours before introducing into the SEM chamber for inspection.
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4.2.4 Coeflicient of friction

In the dynamic mode DPI test a rectangular rotating titanium specimen is pressed
against a fixed ceramic sample with the surface shape of a square. During the test
the applied pressure from bottom stack and torque from rotation of the top stack are
monitored. In figure [4.6] is showed the die-part interface interaction during the DPI
test, where the square indicates the ceramic cube surface in contact with the titanium
sample. For the calculation of the coefficient of friction (COF) the contact area is
assumed to be the circle inscribed into the square, with radius R equal half the length
L of the square. Assuming the pressure is constant and uniform over the considered

surface, the coefficient of friction p at the point P can be written as:

H= ]*9 (4.3)

where 7 is the shear stress and p the pressure at point P. Assuming the coefficient
of friction to be constant over the considered surface, the torque 7" produced by the
rotation of a titanium sample on a circular contact area A with radius R is calculated

as:

R 27 3
2 2
T:/TrdA:/ / rrdrdg = 20 2 AR (44)
A 0 0 3 3

Thus the COF can be calculated as:

3T 3T
T 2w R3p  2ApR

The COF measure is useful for the evaluation of different surface treatments and

[ (4.5)

coatings in terms of physical and chemical interactions at the die-part interface. High
COF indicates strong chemical and /or physical interaction during the sliding. Moreover,
due to the assumptions made, the measured COF is an underestimate of the real one, but
it is an useful output for comparison between different surfaces and coating employing

the same test conditions.

4.3 Limitations of the test

The DPI rig has been selected for the development of a test protocol that enables
the characterisation of the interface die-part under SPF conditions. The DPI rig design
has some constrains which limit some of the test potentials. Three limitations have

been identified, which are:

e Lack of stretching of titanium sample during the test;
e Maximum angle of rotation 6, and
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Figure (4.6) Schematic representation of sliding during DPT test.

e COF underestimation.

The main limitation of the DPI experiment is due to the absence of titanium sam-
ple plastic deformation during the test, which has been taken into account during the
chemical interaction analysis at the die-part interface. During SPF process the titanium
blank undergoes to plastic deformation while sliding on the die surface, exposing new
non-oxidised titanium surface on the die surface [91]. The absence of titanium stretching
while sliding on the die surface during the DPI experiment leads to the absence of gen-
eration of new non-oxidised surface, resulting in underestimation of chemical interaction
and friction at the die-part interface.

The second limitation of the test, due by a DPI rig design constrain, is the maximum
angle of rotation 6 equal to 270°. Due to the geometry of the samples, the angle of
rotation constrain limits the testing sliding distance up to 117.8 mm. The rotation
speed w is limited in the range of 0.001 - 1 rpm, which is not a constrain limits for
the test purpose, as the testing sliding time can be up to 12 hours for 6 equal to its
maximum value and w equal to 0.001 rpm.

Finally, the calculated COF value during the DPI test is underestimated, due by
two factors: a geometric factor (as the area of contact between ceramic die and titanium
sample during rotation is greater than the one assumed in section) and a chemical factor
(the absence of stretching of the titanium sample causes a less chemical interaction with

the die surface as explained earlier) [4.2.4}
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4.4 Substrate, coating and metal sheet materials

In the present work the ceramic substrate employed for the experiments is a commer-
cial castable refractory ceramic powder (Ceradyne ThermoSil® 220), which has already
been employed for SPF dies by Boeing [I], thus selected by the author as a baseline
material to assess surface wear. The powder is composed of fused silica reinforced with
silicon carbide particles. A study has been carried out to evaluate the ceramic perfor-
mance under SPF conditions with the use of the DPI test. Chapter [5] will focus on the
evaluation of the Ceradyne under different SPF conditions. In addition, a comparison
with another refractory material is carried out in order to evaluate the materials per-
formance for the selection of the suitable substrate material for the protective coating
study.

The ceramic samples employed for the DPI test are cast in cubes of 50.0 mm per side
following ceramic powder supplier’s instruction. Care is taken on the top and bottom
surface parallelism, which is within £+0.2 mm tolerance in order to have a uniform load
distribution during the experiment. Top average surface roughness (Sa) of uncoated
ceramic is also controlled to be below 10.0 pm.

Part of this research work focuses on the investigation and assessment of protective
coatings for SPF ceramic dies. In terms of coatings, there are many possible combina-
tions and the evaluation of their effectiveness is related to the operating conditions of
the forming process. There has been limited use of ceramic dies in SPF at industrial
scale and, as a result, there is limited availability of protective coatings for such appli-
cation in the market. Thus, protective coating investigation for SPF application is a
relatively new area of research.

In order to select a suitable coating solution, it is important to highlight the require-

ments imposed by the operating conditions of the SPF process for titanium alloys:

e The coating should sustain high temperatures (above 850°C);
e The coating should sustain thermo-mechanical cycles;
e The coating should adhere to the ceramic substrate;

e The coating coefficient of thermal expansion (CTE) should match the substrate
CTE;

e The coating should be chemically inert with Ti-6AI-4V in all the range of operating

temperatures.

Considering the forming condition restrictions, very few coatings have been already

used in ceramic SPF dies (cf. section [2.4]), and more have been identified from similar
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applications (cf. appendix . In addition, regarding the only coating that has been
developed for SPF ceramic dies [38], there are no published results of its effectiveness
under SPF conditions (probably due to a lack of laboratory testing methods).

Coating selection is based on weighting its temperature operability and CTE, which
should be similar to the substrate’s CTE. Moreover, availability in the market is another
important factor to take into consideration during the selection of the coating material.
All the tested coatings are already available in the market as frit for glasses or as raw
materials for clay. The identified coatings are composed of a mix of aluminosilicate
powders with a specified composition, or they are ceramic glazes already available in
the marked.

The metal sheet samples are made of commercial SPF grade Ti-6Al-4V alloy with
dimensions 40.0 x 60.0 x 1.2 mm for the static mode DPI test and 40.0 x 60.0 x 9.0 mm
for the dynamic mode DPI test. In the following chapters the metal sheet sample, Ti-
6A1-4V, will be referred with its alloy name or as titanium alloy or simply as titanium
specimen. In every test boron nitride (BN) suspension (Kenametal, WIMB grade) is
sprayed on each face of the Ti-6Al-4V sample as a release agent. A precision scale
(accuracy £ 0.001 g) is used to apply a constant amount of release agent to each face
of the Ti-6Al-4V sample.

4.5 Summary

This chapter defines the solution to be implemented to assess surface wear of ceramic

materials under SPF conditions. The chapter evaluated the following topics:

e The wear assessment method: several test methods have been identified in the
literature and the evaluation of their characteristics compared with the specifica-
tions of the SPF process of titanium alloys showed that a new test method should
be required to better simulate the die-part interactions that take place during the

forming process.

e The new test method will be conducted with an experimental apparatus that is
discussed in the chapter. The test rig is able to simulate SPF conditions at a

laboratory scale.

e In order to be able to test ceramic materials under different SPF conditions, two
sets of tools have been designed and manufactured. The new test method, or
die-part interface (DPI) test, has two working modes: static and dynamic, where

each mode recreates the contact and sliding interactions respectively.

e The DPI test’s key metrics to evaluate wear are: the resistance to thermo-mechanical
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cycles, the die surface degradation and titanium scale accumulation. In addition,

chemical interaction and friction are considered as well.

e Ceramic substrate, coating and metal sheet materials that are employed for the

wear assessment are described.

The following chapters will discuss three studies where the DPI test is employed for
the assessment of surface wear under SPF conditions. In chapter 5] a comparative study
of two ceramic materials will be conducted. In chapter [] the same coating material is
deposited employing two different deposition methods, and the DPI test is employed to
assess coating performance. In chapter [7] several coating materials undergo to the DPI

test to assess their performance under SPF conditions.
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Chapter 5

Comparison of different ceramic die
materials and validation of the DPI

test

This chapter is divided into two main sections: in the first section the DPI experiment
is employed to compare wear of two possible SPF die ceramic materials. The uncoated
ceramic materials are tested in both static and dynamic mode and the results are crucial
for the selection of the ceramic substrate to be employed in the protective coatings
study. The second section focuses on the comparison of the DPI test outcomes with
a SPF forming trial carried out at the Advanced Forming Research Centre. Part of
this work has been presented at the EuroSPF 2016 conference [92] and it has been
published in the Materialwissenschaft und Werkstofftechnik journal [93].

5.1 Comparison of different ceramic die materials

5.1.1 Materials

In this chapter, within the ceramic die materials employed in SPF [28] [7, 14, [94],
two commercial materials, Ceradyne ThermoSil® 220 and Horizon Chrome infiltrated,
have been selected for the DPI experiment. Ceradyne ThermoSil® 220 is a fused sil-
ica castable with addition of silicon carbide reinforcing particles and calcium aluminate
binder. The cast material has bulk density of 2109 kg/m? and CTE equal to 1.7 1076 /°C
[95]. In this study the author refers to the particle-reinforced ceramic material as Ce-
ramic CT. The Horizon-Chrome infiltrated (Ceramic HC') is a commercial freeze cast
refractory material made of fused silica infiltrated with chrome oxide through a treat-
ment with chromic acid solution. The chrome oxide infiltration increases mechanical

properties of the bulk material. The resulting bulk density is 1830 kg/m?® and CTE
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equal to 1.9 1076 /°C [28].

The ceramic samples have cubic geometry (50.0 x 50.0 x 50.0 mm) and have a testing
surface of 2500 mm?. Each sample is dried for 50 hours before testing. The metal sheet
samples, as discussed in section [£.4] are made of commercial SPF grade Ti-6A1-4V alloy
with dimensions 40.0 x 60.0 mm. Thickness of the samples depends on the selected DPI
test mode: 1.2 mm thick samples are employed for static mode test and 9.0 mm thick
samples are employed for dynamic mode test. All titanium samples are sprayed with
boron nitride (BN) suspension (Kenametal, WJMB grade). The starting roughness of
Ti-6A1-4V samples has been measured with confocal microscope technique. All the Ti-
6Al1-4V samples employed for the DPI experiment have a starting surface roughness,

Sag(Ti), below 3.0 pm.

5.1.2 Design of experiment

The DPI test is employed to assess the surface wear behaviour of different ceramic
materials when exposed to representative SPF conditions. The test rig discussed in
section [£.1.2] has been used for the experiments. As showed in figure the static mode
DPI test evaluates the die surface degradation typical of the adhesion areas, while the
dynamic mode DPI test gives information regarding friction and surface degradation of

sliding and corner areas.

5.1.2.1 The static mode DPI experiment

The static mode DPI test is carried out employing the static mode end tool set (cf.
figure and . The experiment consists on a series of thermo-mechanical cycle
loads at standard SPF conditions as shown in figure [5.1] Two experiments have been
conducted on each ceramic material: low pressure (LP) and high pressure (HP) static
mode DPI test. Testing parameters are summarised in table [5.1] The temperature is
kept at 900°C, while the duration of the cycle depends on the applied pressure and it
is extrapolated from FEA of a SPF pressure cycle required to form a Ti-6Al-4V sheet
onto a die geometry discussed in section [5.2] regarding SPF trials validation.

The static mode DPI test procedure is showed in figure and comprises the fol-

lowing points:

1. During the setup of the rig the ceramic sample is inserted in the dedicated holder
tool. Once the ceramic sample is stable at temperature, the furnace is opened in

order to introduce the first titanium sample.

2. A non-tested Ti-6Al-4V specimen is loaded onto the ceramic sample. A certain

amount of time is needed to let the system reach again the testing temperature.
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Figure (5.1) Schematic representation of temperature and pressure during the static
mode DPT test.

Table (5.1) Test parameters of static mode DPI test.

Parameters Low Pressure — High Pressure —
LP DPI static mode HP DPI static mode

Temperature [°C] 900
Contact area [m?] 2.5 x103
Pressure [MPa] 1.2 2.0
Load [kN] 3 5
Time under pressure [min] 105 60

3. Once the system (including ceramic sample and Ti-6Al-4V specimen) is at tem-
perature, the test rig applies a pressure between the ceramic and the titanium
samples. The applied pressure depends on the selected pressure mode (LP or HP)
and is kept for a certain amount of time, which is representative for a SPF produc-
tion cycle. At this stage, the ceramic and Ti-6Al-4V are at testing temperature

under pressure for a determined amount of time.
4. Pressure is released;

5. The cylindrical furnace is opened; the tested Ti-6A1-4V specimen is removed; ther-
mal images of the tested ceramic sample are recorded; a new Ti-6Al-4V specimen

is loaded and the rig is ready for a new cycle.

6. Operations from point 2 are repeated until the last Ti-6Al-4V specimen to be
tested.
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5.1.2.2 The dynamic mode DPI experiment

During the dynamic mode DPI test, the proper end tool set is assembled on the
test rig (cf. figure and figure . The titanium sample is pressed and it rotates
against the ceramic surface. The transmitted torque due to the rotation is recorded and
the estimated coefficient of friction (COF) is extrapolated as discussed in section [4.2.4]
In addition, the resistance to thermal cycles is studied through comparison of surface
morphology of the ceramic sample before and after the test.

The dynamic mode DPI test comprises three runs. For each run one new untested
ceramic sample is employed. All samples test surfaces are polished before the dynamic
mode DPI experiment in order to get a surface roughness below 10.0 pm. The testing
parameters are showed in table Temperature is kept at 900°C, while the duration
of the cycle depends on the applied pressure and it is extrapolated from FEA of a
SPF pressure cycle required to form a Ti-6Al-4V sheet onto a die geometry discussed
in section regarding SPF trials validation. Three pressure levels have been tested,
corresponding to three cycle duration. Considering the geometry of the ceramic die em-
ployed for SPF validation trials, which is discussed later in this chapter (cf. section ,
the sliding surface length L is highlighted along the plane xz in figure and it is
12 ecm. Due to die symmetry. This length L is used to calculate the angle of rotation
needed on the DPI rig to simulate such sliding. As explained in section [£.1.4] with a
rotation angle of 270 degrees, which is the maximum angle allowable on the DPI rig,
the total length of sliding of the titanium sample on the ceramic surface under the DPI
rig is 11.78 cm H Thus, the angle of rotation is kept at 270 degrees for all the runs,

while the rotation speed is calculated from the cycle duration as:

Af
At
The dynamic mode DPI test procedure is showed in figure [5.2] and comprises the

(5.1)

w =

following points:

1. During the setup of the rig the ceramic sample is inserted in the dedicated holder
tool. Once the ceramic sample is stable at temperature, the furnace is opened in

order to introduce the titanium sample.

2. A non-tested Ti-6Al-4V specimen is loaded on the upper tool into the DPI rig.
A certain amount of time is needed to let the system reach again the testing

temperature.

!The length of sliding in the DPI rig is calculated as the length of the circular arc L = 2§6T09, where

r = 2.5 cm and 0 = 270 degrees.
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Table (5.2) Test parameters of dynamic mode DPI test.

Temperature [°C] 900
Pressure [MPa] 1.2 1.6 2.0
Rotation angle [°] 270
Rotation speed [rpm] 0.007 0.009 0.013
Time [min] 105 80 60
4 setup Run 1 Run 2 . Run 3 cool down -

< > € > €

Temperature
Pressure

1
Rotation speed

Figure (5.2) Schematic representation of temperature, pressure and rotation speed

during the dynamic mode DPI test.

3. Once the system is stable at temperature, pressure and rotation are applied at
the ceramic-Ti-6Al-4V interface. Pressure, rotation speed and time depend on the

selected run as showed in table 5.2l
4. Pressure is released, rotation is arrested.

5. The cylindrical furnace is opened; the tested Ti-6Al-4V specimen is removed;
thermal images of the tested ceramic sample are recorded; the tested ceramic
sample is removed and a new ceramic sample is inserted into the ceramic holder;

a new Ti-6Al-4V specimen is loaded on the upper tool.
6. Once the system reached the testing temperature, the rig is ready for run 2.

7. Operations of points 5 and 6 are repeated to carry out run 3.

5.1.3 Results

5.1.3.1 Ceramic die hot cracking and surface degradation
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Ceradyne ThermoSil® 220 - Ceramic CT

| Static — Low Pressure | Static — High Pressure
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Horizon Chrome — Ceramic HC

Static — Low Pressure

Figure (5.3) Ceramic CT (a) and ceramic HC (b) sample surfaces before the experi-
ment. Ceramic CT (c) and ceramic HC (d) sample surfaces after static mode low-pressure
DPI test. Ceramic CT (e) and ceramic HC (f) sample surfaces after static mode high-
pressure DPI test. Every image is composed of a visual image and a pseudo-coloured 3D

topography of the surface, where red indicates peaks and violet indicates valleys.

Static mode DPI test. Figure [5.3] presents the ceramic samples surfaces before
and after the static mode DPI test. Figures [5.3la and [5.3b show the surfaces before
the test of ceramic CT and ceramic HC. Figures [5.3lc and [5.3|d show the resulting
ceramic surface wear under low-pressure conditions, while figures [5.3le and [5.3]f are
the resulting surface under high-pressure static mode DPI test. The surface images are
complemented with the 3D topography obtained with the confocal microscope imaging

technique described in section [£.2] The following observations can be made:

e Ceramic CT as cast is not dense and it shows surface porosity, while ceramic HC
shows very little porosity. The porosity in ceramic CT is due to bubble formation
during the manufacturing process of the ceramic due to gas produced by chemical
reactions. The measured surface roughness before the experiment (Sa;(Die)) is
(8.37 £ 0.65) pm for ceramic CT and (5.96 £+ 0.39) pum for ceramic HC batches

respectively.

e At low-pressure conditions neither ceramic material shows any drastic wear. The
post-test surface is characterised by deposition of release agent (white) and ox-

ides (red) from the titanium sample to the ceramic surface. The change of ce-
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ramic surface roughness during the test is an indication of the magnitude of wear.
The measured surface roughness of the die after the experiment (Say(Die)) is
(5.91 £ 0.67) pm for ceramic CT and (4.53 £ 0.33) pm for ceramic HC respec-

tively, indicating low surface wear.

e Evidence of hot cracking is found in ceramic CT when tested under high-pressure
conditions. Cracks arise during the unload of titanium samples and they grow at
each cycle, where ceramic matrix particles are removed from the surface. On the
other hand, ceramic HC does not show any critical wear under high-pressure condi-
tions. The measured surface roughness of the die after the experiment (Sas(Die))
is (22.8 &+ 1.5) pm for ceramic CT and (6.81 £ 0.52) pum for ceramic HC respec-
tively.

The images in figure[5.3]are complemented with thermal images in figure[5.4]recorded
during the unloading of Ti-6Al-4V sample. Thermal images are recorded in gray scale,
where white represents the hotter area and black the colder area.

Figures[5.4la and [5.4]b show the surface of ceramic CT before test and figures [5.4].c
and [5.4ld present the resulting ceramic CT surface wear under low-pressure and high-
pressure static mode DPI test conditions respectively. Under low-pressure conditions
fifteen cycles are carried out and a small amount of wear is observed, which is charac-
terised by a layer of oxides deposited on the ceramic surface. At high-pressure condition
ten cycles are carried out, and clear wear is identified from thermal images. The surface
is damaged due to adhesion of Ti-6A1-4V samples to the die. The fracture has been
recorded during the unloading of the third titanium sample.

Figures [5.4le and [5.4f show the surface of ceramic HC before test and figure [5.4lg
and[5.4lh are the results of ceramic HC wear under low-pressure and high-pressure static
mode DPI test conditions respectively. Thermal images recorded after eight cycles for
both low-pressure and high-pressure static mode DPI tests show no evidence of surface
damage, only the deposition of release agent layer from the titanium samples is observed.
The use of thermal images can help to identify surface wear after removal of Ti-6Al-4V
parts in-situ. This technology can be implemented into manufacturing SPF press to

monitor surface condition of ceramic dies in production.

Dynamic mode DPI test. The dynamic mode DPI test is useful to understand
the material response under shearing of a titanium sample onto die surface at SPF
conditions. Three runs have been conducted, where for each run a ceramic sample is
tested against a Ti-6Al-4V specimen as described in section Figure shows
the results obtained under Run 3 conditions. Thermal images before (figure [5.5la) and
after (figure b) test highlight the transfer of boron nitride to the ceramic surface,
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Ceramic CT Ceramic HC

After test Before test
T - =]

Figure (5.4) Thermal images of the ceramic CT surface before test (a,b) and after DPI
static low-pressure test (¢) and DPI static high-pressure test (d). Thermal images of the
ceramic HC surface before test (e,f) and after DPI static low-pressure test (g) and DPI
static high-pressure test (h).

with a circular track due to the rotation of the titanium sample. This is evident also in
the ceramic 3D surface topography (figure c). The titanium samples employed for
the dynamic mode test show a circular track on the boron nitride layer, but no evident
track on the titanium (figure [5.5]d), indicating absence of erosion under the testing
conditions.

Ceramic HC, under dynamic mode DPI test, suffers from the shear stress imposed
by the titanium sample which rotate on its top surface, resulting in cracking of one
corner of the cube under Run 3 conditions. Figure [5.6] shows the recorded thermal
image before (figure[5.6la) and after test (figure[5.6/b) and the resulting 3D topography
(figure c), where damage is visible on one corner of the ceramic cube. Run 3 have
been interrupted once an audible noise of the ceramic crack has been heard during the
test. In addition, the titanium samples show a track of the rotation in both the boron
nitride layer and the titanium surface; part of the titanium material has been engraved

by the ceramic particles released during the cracking (figure [5.6d).

5.1.3.2 Titanium part surface degradation

The degradation of the ceramic die surface cannot be analysed after each SPF cycle,
thus the change in roughness of each Ti-6Al-4V sample is analysed as a parameter of the
die wear. Due to the temperature and pressure, the titanium samples surface will mirror
the die surface wear during the SPF process. The titanium part surface degradation
is measured as a function of the titanium sample roughness change during the static
mode DPI test.

The areal roughness parameter, Sa;(7T%), of each titanium sample as a function of
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Figure (5.5) Ceramic CT surface under dynamic mode DPI test. Thermal images of
ceramic CT surface before (a) and after (b) test. The ceramic CT surface topography
after test in pseudo-colour (c¢). A titanium sample employed for the dynamic mode DPI
test (d).
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Figure (5.6) Ceramic HC surface under dynamic mode DPI test. Thermal images of
ceramic HC surface before (a) and after (b) test. The ceramic HC surface topography
after test in pseudo-colour (c). A titanium sample employed for the dynamic mode DPI
test (d).
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Figure (5.7) In static DPI test, titanium samples roughness normalised by their initial
roughness. In black square are represented the ceramic CT surface degradation for low-
pressure condition (LP, full square) and high-pressure condition (HP, empty square). In
blue triangle are represented the ceramic HC surface degradation for low-pressure condi-

tion (LP, full triangle) and high-pressure condition (HP, empty triangle).

the cycle sequence has been studied. Sa;(T%) is normalised with the roughness of the
same sample before test, Sag(T%). The graph in figure shows the trend of titanium
surface degradation depending on the titanium sample number, which gives an idea of
the die surface degradation. In figure[5.7] in black is represented the ceramic CT surface
degradation under low-pressure condition (LP, full square) and high-pressure condition
(HP, empty square). In the same graph, in blue is represented the ceramic HC surface
degradation under low-pressure condition (LP, full triangle) and high-pressure condition
(HP, empty triangle).

Ceramic CT shows low surface degradation for low-pressure condition, while the
high-pressure test reveals a drastic increase in surface degradation starting from the
third SPF cycle; this data confirm the damage discussed in the previous section. Ce-
ramic HC has a similar trend for both low-pressure and high-pressure conditions, but
the low-pressure condition trend is always below the one measured for the high-pressure
condition.

The roughness value of a surface gives an incomplete interpretation of the surface
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Figure (5.8) In static DPI test, the measured material peak volume per unit area,

V'mp, and the void valley volume per unit area, Vvv, measured for uncoated CT ceramic

tested with low-pressure (top, left) and high-pressure (top-right), and for uncoated HC

ceramic tested with low-pressure (bottom, left) and high-pressure (bottom-right). For

each ceramic sample the void valley volume measured on the titanium samples, Vou(T4%),

is evaluated with the material peak volume measured on the ceramic before (Vmp;(Die))
and after (Vmpy(Die)) the DPI test; the material peak volume measured on the titanium
sample, Vmp(T4), is evaluated with the void valley volume measured on the ceramic

before (Vvv;(Die)) and after (Vovyp(Die)) the DPT test.
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morphology, as two surface can present the same roughness value, Sa, being completely
different in nature, as discussed in section [2.3.2.1] From the 3D surface topography it is
possible to extrapolate the material volume of the surface and the void volume enclosed
in the interface area of the material through the Abbott-Firestone curve [68]. The peak
material volume per unit area, Vmp, and the valley void volume per unit area, Vov,
are not independent functions and are employed to get information related to the wear
mechanism of the tested surface conditions. The parameters Vmp(Ti) and Vov(T47)
have been measured for each titanium sample tested and for the ceramic surface before,
Vmp;(Die) and Vov;(Die), and after test, Vmps(Die) and Vvvg(Die) (where i stands
for initial and f for final values). During the DPI test the titanium sample surface is
expected to mirror the die surface roughness due to superplasticity. For that reason the
Vmp values of the titanium sample are compared with the Vvv values of the ceramic
surface, and the Vov titanium sample values are compared with the Vmp values of the
ceramic surface.

Ceramic CT Vov and Vmp trends are showed in figure The ceramic material
peak volume, Vmp(Die), increase from 1.32 to 4.42 ml®/um? during the low-pressure
static mode DPI test, which indicates transfer of material (oxides from titanium sam-
ples) on the top surface. The equivalent titanium samples Vov values increase gradu-
ally until a saturation value after ten cycles, indicating that the wear on the ceramic
surface is characterised by a sequential accumulation of material transferred from the
titanium sample (where voids volume increase) into the ceramic surface (where peaks
volume increase). The ceramic void valley volume, Vov(Die), decrease from 12.53 to
8.37 ml®/um? during the low-pressure DPI test, indicating that the wear mechanism
is characterised by accumulation of material from the titanium sample to the ceramic
surface, which goes to fill the voids on the surface. Peaks and valley distribution have
been commonly used for tribological behaviour of surfaces. Vmp indicates how much
material may be worn away for a given depth of the bearing curve, while Vvv may be
useful when considering fluid flow or debris entrapment [96, 97, 08, 99 100]. Under
high-pressure conditions, the wear mechanism is different. The ceramic material peak
volume, Vmp(Die), increase together with the void valley volume, Vvv(Die). The wear
is characterised by accumulation of material on the top surface and generation of high
volume of void valleys where the crack arises. In addition, the titanium samples values
indicates that the crack on the ceramic surface arises starting from the third cycle.

Ceramic HC shows small changes in Vov and Vmp values, validating the small
wear seen in the previous section. The only considerable change is the increase of peak
material volume, Vmp(Die), under high-pressure conditions, due to the accumulation

of material on the top surface.
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5.1.3.3 Friction

The dynamic mode DPI test gives information regarding the COF between the
ceramic material and the titanium sample under SPF conditions. In figure [5.9] are
presented the resulting estimated coefficient of friction measured for ceramic CT (white)
and ceramic HC (striped blue) depending on the testing condition. The error bars are
measured as the standard deviation of the average. From the analysis of variance
(ANOVA) of the means values of COF for each run, considering a significance level of
0.05 (thus a confidence level of 95%), results that the uncoated ceramic HC has a lower
COF value than ceramic CT for the test conditions in Run 1 and Run 2, while there is
no significant difference between the means values of COF in Run 3. Observations can

be made from the results in figure [5.9

e In Run 1 the resulting COF are 0.59 + 0.08 and 0.27 £ 0.07 for Ceramic CT and

Ceramic HC respectively;

e In Run 2 the resulting COF are 0.70 £+ 0.09 and 0.44 + 0.11 for Ceramic CT and

Ceramic HC respectively;

e In Run 3 the resulting COF are 0.94 + 0.13 and 0.89 + 0.29 for Ceramic CT and

Ceramic HC respectively;

e For lower pressure and speed (Run 1), both ceramic materials have lower COF

than during the experimental conditions of Run 2 and Run 3; and

e Ceramic HC has lower COF than ceramic CT for Run 1 and Run 2, while the
COF is comparable for Run 3;

e Ceramic HC COF during COF is affected by a high error bar, due to the breakage
of the block during the experiment.

The COF gives an idea of the interaction at SPF temperature between the ceramic
surface and the titanium sample. In addition, this data could be employed in finite
element modelling for a more accurate simulation of the SPF process with ceramic

materials.

5.2 Experimental validation

The validation of the DPI test is based on a parallel study that have been conducted
at the AFRC [101, 102, 103, 104] at the time the author started his experimental
work on uncoated ceramic materials. The objective of this research project was to

provide a comprehensive overview of the process of producing a low-cost ceramic tool
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Figure (5.9) Coefficient of friction (COF) measured during the dynamic mode DPI test

in each set of SPF conditions (run) for both ceramic materials.

for use in SPF including ceramic material selection, design of reinforcements using
FEA, automatic generation of the pressure cycle for single sheet forming of Ti-6Al-4V
material, manufacture of the die, SPF forming trials and subsequent analysis of the
tool and validation of FEA with the produced parts [104]. Deliverables of the research
are not in the public domain, and the author has not the right to share it, thus, in
the following section only the details regarding the validation of the DPI test at a
manufacturing scale are presented.

In the following sections an overview of the ceramic die design is provided. Further-
more, the design of experiment of SPF trials is presented and the analysis of ceramic

surface wear is carried and compared with the outcomes form the DPI test.

5.2.1 Ceramic die design

Ceradyne Thermo-Sil 220 Castable has been down-selected as the ceramic material
for SPF trials [I01] . As the ultimate tensile strength of a brittle material is the stress
at which the material loaded in tension cracks, when the material reaches this limit the
die has therefore failed. Thus, the die design is the result of an iterative design process

to produce a reinforced ceramic die with a maximum tensile stress below the material
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Figure (5.10) Ceramic die design for validation test from [104]: maximum principal
stress in ceramic die design with applied pressure cycle (Pascal) using quartz rods as
reinforcement on the left; manufactured ceramic die on the right. The reinforcement

quartz rods has been omitted from in order to not infringe intellectual property. Figures

from [104].

limit of 2 MPa [104]. The ceramic die geometry is presented in figure

5.2.2 Superplastic forming trials

The ceramic die has been employed to form 2.0 mm thick titanium sheet for SPF
trials into a manufacturing scale 200 ton SPF press available at the AFRC. FEA has
been carried from researchers at the AFRC [104] to generate the pressure cycle required
to form a single sheet of Ti-6Al-4V to meet a target maximum strain rate of 3x10~% s~
The pressure profile is then applied in the models to assess the level of forming of the
sheet into the die cavity and the stress distribution in the die to ensure this is below
the allowable level. The SPF trials are conducted on nine Ti-6Al-4V parts at 900°C.

The author cannot provide the detailed pressure curve, but the main parameters are as

follow:

Pre-forming stage: from 0 to 1.2 MPa in 30 minutes;

Forming stage: hold at 1.2 MPa for 105 minutes.

The pressure value of 1.2 MPa has been employed in the low-pressure DPI static
mode test. Table[5.3] shows the ceramic die working surface roughness parameters that
have been measured by the author with the confocal microscope using replica method,
due to the die dimensions of the die. The starting roughness of the ceramic die is

comparable with the surface roughness of the ceramic samples employed during the
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Table (5.3) Ceramic die roughness parameters. More details on the parameters signif-

icance can be found in sectlon

55.41

12.15 11.21 25.66 81.76

Figure (5.11) Ceramic die after SPF trials. Figure from [104].

DPI test. Forming surface of the die and parts have been spray coated with boron

nitride suspension (Kenametal, WJMB grade).

5.2.3 Results

During the SPF trials into the 200 ton SPF press adhesion between part and die
caused surface ceramic material to be removed during part unloading phase. This
resulted in warping of part during extraction already after the first formed part and
critical ceramic die surface degradation. In addition, the die surface degradation reduced
the ability to create an appropriate part-die seal on the following cycles, limiting the
production run. The SPF trials have been stopped after only three cycles. Figure [5.11

shows the resulting ceramic die surface at the end of the SPF trial.

5.2.3.1 SEM inspection and comparison with the laboratory test

Figure shows the resulting SEM images of the top surface of the uncoated
ceramic substrate after low-pressure static mode DPI test. From visual inspection,

the area with greater material accumulation have been selected for SEM investigation,
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which is highlighted in (a). The SEM images of the top surface recorded with secondary
electron detector (b) and backscattered electron detector (c) have been acquired. In
addition, EDX maps of titanium (d), aluminium (e) and silicon (f) elements have been
recorded. The titanium EDX map shows small amount of titanium transferred to the
ceramic surface during the low pressure static mode DPI test.

Figure [5.13] shows the resulting SEM images of the top surface of the uncoated
ceramic substrate after high-pressure static mode DPI test. The damaged area have
been selected for SEM inspection, which is highlighted in (a). The SEM images of the
top surface recorded with secondary electron detector (b) and backscattered electron
detector (c) have been acquired. In addition, EDX maps of aluminium (d), silicon (e)
and titanium (f) elements have been recorded. The titanium EDX map highlight a the
multilayer structure of the titanium transferred during each cycle during the DPI test.

After the SPF trials a fragment of the die working surface (cf. figure have
been collected for SEM analysis. Figure shows the resulting SEM image (a) from a
sample removed from the top surface of the validation trial ceramic die after test. The
SEM inspection have been carried out with the help of EDX maps of aluminium (b),
silicon (c¢) and titanium (d) to verify the titanium transfer to the working surface of
the die during SPF trials. A titanium-rich layer is visible in the SEM image and EDX
titanium map, which indicates the transfer from part to working surface of the ceramic
die during SPF trials. This phenomenon have been seen during DPI tests as well.

The selection of experimental parameters for static and dynamic DPI tests have been
selected based on the SPF trial parameters. Under static mode DPI test two pressure
levels have been chosen: during low-pressure test the pressure have been kept the same
as during the forming stage of SPF forming trial, which is 1.2 MPa; while during high-
pressure test a 2.0 MPa have been selected to simulate a faster SPF forming trial. The
dynamic mode DPI test parameters have been defined by the ceramic die geometry
employed for SPF forming trial.

The drastic wear of the ceramic die showed during SPF forming trial highlight the
main limitation of the laboratory DPI test. During DPI test there is no superplastic
deformation of the titanium sample onto the ceramic surface. This limitation turn
out to show greater chemical interaction (adhesion) between die and part during SPF
forming trial when compared to DPI test.

The SEM inspection shows deposition of titanium oxide onto the die surface during
SPF trial and DPI tests. The low-pressure DPI test shows a smaller titanium oxide
deposition compared to high-pressure DPI test. The latter shows a similar situation of
the ceramic die surface after SPF forming trial, which suggests that the underestimation
of chemical interaction of the DPI test due to the lack of superplastic deformation could

be somehow corrected increasing the pressure under DPI test.
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Figure (5.12) Uncoated ceramic CT after low-pressure static mode DPI test (a). The
white rectangle highlights the area of interest for SEM inspection with secondary elec-
tron detector (b) and backscattered electron detector (c). EDX maps of titanium (d),

aluminium (e) and silicon (f) have been recorded.
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Figure (5.13) Uncoated ceramic CT after high-pressure static mode DPI test (a). The
white rectangle highlights the area of interest for SEM inspection with secondary electron
detector (b) and backscattered electron detector (¢). EDX maps of aluminium (d), silicon

(e) and titanium (f) have been recorded.
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Figure (5.14) SEM image of ceramic die working surface after SPF trials (a). EDX

maps of aluminium (b), silicon (c) and titanium (d) have been acquired.

The DPI test results, when compared with the SPF trial, shows similar outcomes
when analysing the chemical interaction that takes place at the die-part interface, which

is useful when studying the effectiveness of ceramic die protective coatings.

5.3 Conclusion

Two ceramic material have been tested to compare die material performance under
SPF conditions. The current study has investigated ceramic material surface wear under
SPF conditions with the DPI test, employing both static and dynamic test modes. The
results of ceramic performance are important in the selection of eligible materials for
SPF process applications, and for the following stages of this research project.

Under static mode DPI test, two conditions have been tested: low-pressure and
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high-pressure. At low pressure, both ceramic materials show good resistance to thermal
cycling and hot cracking has not been found. Under high-pressure conditions, drastic
wear arise at the ceramic CT surface after only three cycles, while ceramic HC withstand
the high-pressure conditions without showing any severe wear. The poor performance
at high pressure are due to high porosity of the cast ceramic CT.

Under dynamic mode DPI test, three conditions have been tested in order to simulate
different strain rate situations of the SPF process. In this case, ceramic CT withstand
all the tested conditions with no critical wear at the surface: transfer of boron nitride
from the part to the die is detected.

On the other hand, the ceramic HC sample broke during the dynamic mode test
in a brittle manner. For this reason the ceramic HC has been withdrawn from further
investigation on surface wear under SPF conditions. The ceramic CT material has
been selected for the study on protective coatings to be employed on SPF ceramic dies,
where a suitable coating should fill the surface ceramic C'T porosities in order to enhance
surface wear resistance. The aim of the study is to improve the ceramic CT properties
under high-pressure conditions.

The results discussed in this chapter show that the DPI experiment is able to asses
surface wear of ceramic materials under SPF conditions. The outcomes from the DPI
experiment of ceramic CT (Ceradyne ThermoSil® 220) generate a wear surface baseline
that will be employed for comparative studies during the protective coating investiga-

tion.

5.4 Summary

The current chapter showed the use of the DPI experiment to assess and compare
the performance of two different ceramic materials under SPF conditions. The test is
used to compare the key properties of two possible SPF die ceramic materials. The

chapter outcomes can be summarised as follows:

e Particle-reinforced fused silica (Ceradyne ThermoSil® 220), ceramic CT, and infil-
trated chrome silica (Horizon Chrome), ceramic HC, have been selected as ceramic
die materials to be tested uncoated under the DPI test. Both static and dynamic
modes have been employed in this study to assess the ceramic performance under

multiple SPF conditions.

e The static mode test is composed of two level of testing pressure. Ceramic CT
is wear resistant under low-pressure static condition, but cracks arise under high-

pressure static condition.
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e Ceramic HC shows good wear resistance under low- and high-pressure static con-

dition.

e Dynamic mode DPI test reveals that ceramic HC integrity is drastically affected
by shear stress induced by the titanium sample on the working surface, while

ceramic CT does not show any critical damage.

e From 3D surface topography of ceramic and titanium sample it is possible to
extrapolate material and void volume useful to understand the wear mechanisms
that take place. The outcomes of the static mode DPI test in this study reveal
that:

— Wear of ceramic CT under low-pressure conditions is characterised by trans-
fer of material from the titanium sample to the ceramic surface. This trans-

ferred material goes to fill voids on the ceramic surface.

— Wear of ceramic CT under high-pressure conditions is characterised by ac-
cumulation of material on the die surface and generation of high volume of

void valleys where cracks arise.

— Ceramic HC under low-pressure conditions shows small changes of volume

parameters, reflecting a neglegting wear on the ceramic surface.
— Wear of ceramic HC under high-pressure conditions is characterised by a

small accumulation of material on the die surface.

e Ceramic CT results have been compared with the outcomes of a SPF forming
trial carried at the AFRC under a 200 ton SPF press employing the same ceramic

material.
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Chapter 6
Coating deposition optimisation

In this chapter petalite has been selected as a protective coating candidate for SPF

ceramic dies. Two firing procedures have been investigated and the resulting coatings
are tested with the DPI test. Ceradyne ThermoSil® 220 has been selected from
previous chapter as substrate ceramic die material. Two firing procedures (firing A
and firing B) have been used, which differ in terms of temperature and time. The
DPI test helps to evaluate the ideal firing procedure. Part of this work has been
presented at the EuroSPF 2016 conference [105] and it has been published in the
Materialwissenschaft und Werkstofftechnik journal [106].

6.1 Introduction

The following study aims to evaluate two firing procedures for a protective coating
material that have been selected and investigated by the author at the Advanced Form-
ing Research Centre (AFRC) for SPF ceramic dies [107, 108, 109 T10]. The substrate
ceramic material is made of Ceradyne ThermoSi ® 220 and the coating is a low CTE
aluminosilicate: petalite. Outcomes from the literature review in chapter [2] show that
limited work has been conducted on protective coatings for SPF dies, in particular for
ceramic dies. In addition, limited coating solutions are available in the market to ful-
fil the restrictions of the SPF process (thermodynamically stable at high temperature,
chemically inert with titanium alloys, thermal shock resistant and low CTE). A protec-
tive coating for SPF ceramic die have been developed and patented from the Boeing
Company in collaboration with the University of Missuri-Rolla [TT1] [78), 112} B38]. The
protective coating is made of cordierite; the coating developed is a low thermal expan-
sion ceramic glaze deposited via thermal spray. Cordierite is a ternary system composed
of magnesium oxide, aluminium oxide and silicon oxide.

Due to the lack of information available, an extended coating material review has

been conducted and it is available in appendix[A] where coatings employed in application
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material preparation deposition firing ready

Figure (6.1) Flow chart of the coating deposition procedure.

similar to SPF that could be of interest for this study, are discussed.

For the research work conducted in this chapter, the author has proposed to select
a low thermal expansion ceramic glaze similar to cordierite, which is petalite. Petalite
is a ternary system composed of lithium oxide, aluminium oxide and silicon oxide.
Further details about petalite can be found in section[A-2:2] Petalite coating has similar
property as cordierite, but it has not been tested (or patented) for SPF applications and
the deposition technique employed by the author (dip coating) does not require capital
investments.

The first part of this study focuses on the coating deposition technique: the variables
involved in the deposition and the difference between the two procedures. The second
part of the chapter focuses on the use of the DPI test to compare the resulting coatings
obtained with different deposition parameters. Results will show the effectiveness of the
DPI test to evaluate the same protective coating material performance, depending on
the deposition procedure employed. The results show how effective the DPI test can be

making strategic decisions on the selection of coating deposition parameters.

6.2 Coating deposition procedure

Once the protective coating material has been selected, a coating deposition proce-

dure is generated (see figure [6.1)). The deposition comprises three main steps:

1. Optimisation and preparation of the slurry (heterogeneous mixture of the solid

coating powder dissolved in a liquid phase);
2. Deposition of the slurry on the ceramic substrate;

3. Thermal treatment (firing) of the deposited coating in order to achieve sintering of
solid particles within the coating phase and between the coating and the ceramic

substrate.

The coating raw material is supplied by MinChem Ltd (UK) as a white powder 325
mesh (-75 pm) milled and tray-dried white powder with average particle size of 5 pm.
The particle size distribution has been measured (cf. figure with a laser diffraction

particle size analyser (Malvern Mastersizer 2000), which shows a bimodal distribution
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Figure (6.2) Particle size distribution of the powder raw material.

where the average particle size is around 5 pm and a larger particles size is centred
around 50 pm.

A solubility study has been conducted by the author [109,[110] on the coating powder
to determine solvent type and optimal concentration of the slurry for the deposition,
where results showed that the optimised slurry is a 30% wt of coating powder dissolved
in water. The solubility study described in [I09] has been carried out to determine
suitable solvent(s) for the dip coating deposition technique. The solubility test has
been carried out by pouring 100 mL of solvent in a beaker then adding 1 mg of petalite
powder at a time, mixing and comparing slurry rheology on a smooth plate inclined
30°. The viscosity of the slurry have been calculated as the time employed to run a
distance of 5.0 cm on the inclined plate. Solvents employed were distilled water, ethanol,
isopropyl alcohol, acetone and methanol. The second step is a wettability test, checking
the contact angle between a ceramic sample and a drop of the slurry purred on it. Tests
have been conducted at 20°C and atmospheric pressure.

The coating is deposited via dip-coating technique and deposition parameters have
been studied and optimised in a previous work by the author [I09]. Once the slurry
concentration has been selected, a deposition procedure has been developed. Small
ceramic samples (surface 1.0 x 2.5 cm) of Ceradyne ThermoSil® 220 have been employed
for deposition trials. On each sample, a mask have been applied on part of the surface
to coat, in order to have a coating step for thickness control. In order to achieve a target
thickness of 300 pum with standard deviation below 10 pm the deposition procedure is
the following:

1. Prepare the slurry;
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2. Dip the ceramic sample into the slurry and keep it for 30 seconds;

3. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;

4. Leave the sample to dry in air for at least 24 hours.

After deposition of the slurry, the coating is left to dry in air before the final step
of the deposition. The firing step is a thermal treatment where solid state sintering
occurs. This step is necessary to sinter the coating particles with each other and with the
substrate, in order to obtain low porosity and good adhesion to the ceramic substrate.
The firing cycle has been developed by the author in previous works [109, 110] and it
comprises three stages (cf. figure [6.3)):

Stage 1: The ceramic substrate with the dried slurry is introduced into the furnace
and they are heated up to the firing temperature and left for a certain amount of

time. During this stage solid state sintering of the coating particles occurs.

Stage 2: The temperature is dropped to 500°C and kept for 120 minutes. This stage
helps the coating to release internal thermal stresses to avoid cracking caused by

thermal shocks.

Stage 3: The furnace is turned off and the coated sample left inside to cool down.

In this investigation two procedures have been developed: firing A and firing B. The
slurry preparation and coating deposition are kept the same, while the firing cycle is
slightly different. In the firing process, temperature of firing and time are the factors that
affect the sintering of the coating, which has been optimised in [I09], while temperature
and time for thermal stress releasing are kept the same for both the firing procedures.
The temperature of firing A is lower than the temperature of firing B, but it has longer
firing time.

The crystallography of the coatings obtained with firing A and firing B is investigated
with a X-Ray diffractometer (Bruker D8 Advance XRD). The XRD uses the CuKa
radiation (1.5418 A) with a Ni filter and source potential and current of 40 kV and
40 mA respectively. XRD patterns of coating powders as received and after thermal
treatment with firing A and firing B respectively have been obtained by step scanning
from 10° to 65° 20 in steps of 0.040° and counting time of 2 s per step.

The resulting XRD profiles are shown in figure the XRD pattern of the raw
material shows a high degree of crystallinity, because of the absence of the typical
amorphous signal at small angles. The raw material shows high content of crystallised

petalite (the main element of the selected coating material) and some of its derived
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Firing temperature [°C] 1100 1350
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Releasing temperature [°C] 500
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Figure (6.3) Firing cycles and parameters.

oxides (a-spodumene and f-quartz). The XRD pattern of powder resulting from firing A
indicate an high degree of crystallinity of S-spodumene, (the desired crystallographic
form because of its CTE) with some trace of S-quartz, while firing B results in a totality
of B-spodumene. The XRD shows that the thermal treatment, in addition to solid
sintering of coating particles, causes a crystallographic transformation of the coating
material from petalite to S-quartz and S-spodumene. The XRD pattern of firing A,
compared with the one of firing B, indicates that the crystallographic transformation
is not complete, as B-quartz peaks are recorded, while the firing B XRD pattern shows

no trace of it.

6.3 Experimental conditions

The ceramic substrates are cubes (50.0 x 50.0 x 50.0 mm) refractory materials
made of ceramic CT (studied in chapter |5), which is known in the market as Ceradyne
ThermoSil® 220. The coating deposition procedure and the resulting coatings from
firing procedures A and B are showed in figure The resulting coating from firing A,
named coating PET-A, is a white, opaque and dense layer that presents good adhesion

to the ceramic substrate. The coating obtained with firing B is a translucent and dark
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Figure (6.4) XRD pattern of coating raw material as received, after thermal treatment

with firing A and firing B respectively.

well-adhered coating, which is labelled coating PET-B.

The starting surface roughness of the ceramic samples as received is (8.12 £ 0.44) pm,
thus rough enough to enable adhesion of the slurry to the ceramic surface during the
deposition process. The measured roughness of the ceramic coating surface after firing is
(31.76 4+ 0.88) um for firing A and (59.2 & 1.7) pm for firing B respectively, thus further
surface finishing would be needed if the coating will be introduced into production.

As in section [£.4] the metal sheet samples are made of commercial SPF grade Ti-
6A1-4V alloy with dimensions 40.0 x 60.0 x 1.2 mm, which are cleaned and sprayed with
BN (Kenametal, WJMB grade) suspension before the DPI test.

In this study the static mode DPI test is employed, and, as discussed in sec-
tion the trials consist on a series of thermo-mechanical cycle loads at standard
SPF conditions. Time, temperature and applied load are the low-pressure condition
static mode DPI test (cf. figure and table[5.1]). The rationale behind the decision to
employ low-pressure experimental conditions is to keep a conservative approach to test
the protective coating performance. The use of high-pressure conditions could make
difficult to interpret the coating performance: if the coating fails, it would be difficult
to explain if it failed because of the substrate failure or because of intrinsic failure

mechanisms of the coating.

6.4 Results

6.4.1 Coating hot cracking and surface degradation

Figure shows the resulting surface of coating PET-A after firing (figure a),
after unloading of the titanium sample under static mode DPI cycles (figures b and
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Firing A — PET-A
Slurry preparation

Firing B — PET-B

Figure (6.5) Coating deposition flow chart: the ceramic material is cast in cubes; the
coating slurry is prepared with appropriate concentration; the coating is deposited by

dipping and then fired. Two firing procedures have been studied.

Figure (6.6) Coating PET-A before low-pressure static mode DPI test (a) and after

one cycle (b), four cycles (c) and seven cycles (d). The test has been interrupted after
seven cycles. Thermal images of coating PET-A before test (e), after one cycle (f), four

cycles (g) and seven cycles (h) are presented.

c), and at the end of the experiment (figure d). The coating is characterised by
a white and opaque phase.

Thermal images of the coated ceramic sample (cf. figures e - h) revealed that
the coating material has a very low emissivity compared with the substrate ceramic
material, which results in a high contrast image when the surface starts to deteriorate.
Wear is visible in thermal images, but it is not possible to distinguish between wear
mechanisms.

Figure [6.7] presents the coating PET-B surface before and after the low-pressure

static mode DPI test. The coating PET-B pseudo-colour and true-colour surfaces are
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Figure (6.7) The coating PET-B surface before test is showed in pseudo-colour (a),

true-colour (b) and the corresponding thermal images (c). The same surface after 10
cycles with low-pressure static mode DPI test is presented in pseudo-colour (d), true-

colour (e) and thermal image (f).

presented in figure [6.7}a and [6.7]b respectively. In addition, the acquired thermal image
(figure c) is recorded to complete the picture of the surface condition of coating
PET-B before DPI test. The coating exhibits remarkable waviness due to nucleation of
the coating during the firing process. This aspect is absent in coating PET-A due to
the different firing procedure.

After test the coating has been analysed with microscope confocal imaging technique
and the resulting pseudo-colour and true-colour surface topographies are presented in
figures[6.7]d and[6.7]e respectively. The pseudo-colour image shows that the coating kept
part of its waviness during the test. True-colour and thermal images (cf. figure f) of
the coating surface recorded after the tenth cycle show localised accumulation of scale

built-up on the surface.

6.4.2 Titanium part surface degradation

Due to the high temperature employed in the DPI test of titanium alloys, the degra-
dation of the ceramic die surface with confocal microscope imaging cannot be analysed
after each DPI test cycle, thus the change in roughness of each Ti-6Al-4V sample is
investigated as a parameter of the die wear. The titanium samples, due to their super-
plasticity, after the static mode DPI test, reflect the die surface asperities. The rough-
ness parameters of the titanium samples have been studied as a function of the cycle

number, and normalised with their starting roughness, Say(7%). Figure shows the
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Figure (6.8) Titanium samples roughness normalised by their initial roughness. Black
squares represent the ceramic CT surface degradation for low-pressure condition. Red
circles represent the ceramic CT with coating PET-A surface degradation. Blue triangles
represent the ceramic CT with coating PET-A surface degradation. All the samples have

been tested in low-pressure static mode DPI test conditions.

resulting normalised values of the titanium surface roughness trends, Sa;(7)/Sao(T%),
from the low-pressure static mode DPI test for the uncoated ceramic (as reference) in
full black squares, the coating PET-A in empty red circles and the coating PET-B in
full blue triangles.

For coating PET-A, the titanium sample normalised surface roughness starts from
a value of 1.5, similar to coating PET-B, but the trend suddenly changes and the
value increases almost one order of magnitude after four cycles, indicating wear of the
coating. With coating PET-B, the titanium sample normalised surface roughness is
higher than samples tested with the uncoated ceramic, but the trend is almost flat with
small fluctuations around the value of 1.6. The results indicate that coating PET-A
is affected by drastic wear after four titanium samples, while coating PET-B shows a
steady wear condition. In addition, coating PET-B wear is greater than wear of the
uncoated surface (ceramic CT).

As discussed at page [70] the V'mp values of the titanium sample are compared with

the Vov values of the coating, and the Vowv titanium sample values are compared with
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Figure (6.9) The measured material peak volume per unit area, Vmp, and the void
valley volume per unit area, Vv, are showed for coating PET-A and PET-B. For each
coating the void valley volume measured on the titanium samples, Vov(T%), is evaluated
with the material peak volume measured on the coating before (Vmp;(Die)) and after
(Vmpy(Die)) the DPI test; the material peak volume measured on the titanium sam-
ple, Vmp(T%), is evaluated with the void valley volume measured on the coating before
(Vvv;(Die)) and after (Vovg(Die)) the DPT test.

the Vmp values of the coating.

Coating PET-A Vwvv and Vmp trend (cf. figure shows that the coating’s
material peak volume, Vmp(Die), decreases, while the coating’s void valley volume,
Vwov(Die), increases during the DPI test. This trend denotes erosion of material from
the asperities, thus a decrease of the die’s Vmp value, and removal of material from the
coating generating new (or bigger) voids and/or porosities. The values measured on the
titanium sample shows that wear starts after only two cycles.

Coating PET-B Vvv and Vmp trends are both decreasing during the DPI test. The
coating material peak volume, Vmp(Die), decreases from 5.07 to 2.52 m1®/ym? during
the DPI test. The equivalent titanium sample Vvv values decrease gradually, indicating
that the wear on the coating is denoted by a sequential erosion of coating asperities. The
coating void valley volume, Vvv(Die), decreases from 11.23 to 5.27 m1® /um? during the
DPI test. The equivalent titanium sample Vmp values decrease gradually, indicating a
sequential filling of porosities on the coating surface. In addition, the coating PET-B
Vwwv(Die) change during the DPI test is smaller than the change seen in coating PET-A,
denoting that wear rate is higher for coating PET-A than coating PET-B.

6.4.3 Chemical interactions

During the SPF process scale builds up on the die surface. Cross section and top
surface SEM images are taken to investigate the chemical interaction at the die-part

interface. Ceramic samples have been prepared for SEM investigation as explained in
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section .2.31

The coating PET-A after test is showed in figure a; a top view surface area (X)
and a cross section area (Y) have been prepared and inspected with SEM. The cross
section of the coating after low-pressure static mode DPI test is showed in figure [6.10]b.
The coating shows multiple cracks parallel to the substrate surface, which are due to
weak intra-coating bonding, causing spallation. In order to avoid cracks generation
during sample sectioning, the sample have been mounted in epoxy resin before cutting
the cross section. In addition, sample grinding have been repeated multiple time to
avoid artefacts (cf. section . The top view area in figure .c and EDX maps
relative to titanium (d), aluminium (e) and silicon (f) show the titanium accumulation
on the ceramic surface after the DPI test.

Figure [6.11}a shows the resulting coating PET-B cross section after firing B, which
exhibits some porosity. The coating-substrate interface is not clearly identifiable: the
coating is composed of an external layer of about 200 pm, and a 200 pm intermix layer
fused with the ceramic substrate. The external porosity may act as a crack starting
point, but the intermix layer indicates a good adhesion of the coating to the substrate.
The intermix layer is composed of ceramic substrate matrix and melted coating. Fig-
ure [6.11]b shows the coating PET-B cross section after low-pressure static mode DPI
test. The cross section area reveals a 50 um oxide layer built-up on top of the coating,
were titanium have been transferred from the Ti-6Al-4V during the simulated SPF cy-
cles. The titanium presence have been identified through EDX spectra of the oxide layer
at the points A, B and C as indicated in the figure. Spectra at the point A and B show
the titanium presence, while spectrum C (acquired on the coating) shows only the main
constituent elements of the coating. Gold signal is due to the 10 nm coating deposited
on the non conductive sample before SEM analysis. Figure|6.11]c presents the top view
area of coating PET-B after low-pressure static mode DPI test. In addition, titanium

EDX map (d) shows the transfer of titanium on top of the coating during the test.

6.5 Conclusion

A protective coating for Ceradyne ThermoSil ® 220 ceramic SPF dies, made of a low
CTE aluminosilicate, has been investigated in this chapter. Two firing procedures have
been developed and the resulting coatings have been tested under SPF conditions with
the low-pressure static mode DPI test. The outcomes of the DPI test regarding coating
performance are important for the selection of eligible protective coating solutions for
SPF ceramic dies.

The coating deposition procedure is divided into three steps: preparation of the

slurry; deposition of the slurry on the substrate; firing of the slurry. For the firing
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Figure (6.10) Coating PET-A after low-pressure static mode DPI test is presented in
(a). (b) is the cross section of the coating (marked as Y), (c¢) is the top view highlighted

as X and EDX maps of the top view have been acquired for titanium (d), aluminium (e)

and silicon (f).
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spectrum A

Figure (6.11) Coating PET-B before test cross section is showed in (a). The cross
section of the coating after low-pressure static mode DPI test is showed in (b) and the
acquired EDX spectra at the points A, B and C are presented. (c) is the coating PET-B
top surface after low-pressure static mode DPI and the titanium EDX map is presented

in (d).
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step two procedures have been developed, labelled as firing A and firing B. The firing
procedures differ in temperature and time, where firing A employ a thermal treatment
at lower temperature but longer time than firing B. The resulting coating from firing A,
coating PET-A | is white and opaque. The coating obtained with firing B, coating PET-
B, has a dark translucent phase and the surface is characterised by waviness due to
nucleation of the coating particles during the firing process.

Wear is identified on coating PET-A surface through thermal images. In addition
the roughness study indicates that wear is characterised by removal of material from
the coating. SEM images explain the loss of material, which is due to the presence of
cracks in the coating parallel to the substrate surface, thus at each titanium removal a
layer of coating is removed.

Coating PET-B shows good adhesion and resistance during the low pressure DPI
test. The roughness study suggests that, during the test, peaks of coating material
are smoothed and valleys are filled with material (boron nitride and oxides) released
from the titanium sample. Cross section SEM images of the coating reveals an intermix
layer between the coating and the ceramic substrate that enhances the adhesion of the
coating. After the DPI test, a multilayer of oxides grows on the top of the coating.

The outcomes from this study show that the coating resulting from firing B has a
better adhesion to the substrate, due to the intermix layer presence. Furthermore, no
cracks parallel to the substrate are found on coating PET-B, thus the resulting coating
does not suffer spallation. Coating PET-B has then been selected for further studies
on protective coating performance under dynamic mode DPI test, and results will be

shown in chapter [7]

6.6 Summary

Ceradyne ThermoSil® 220 has been selected in chapter [5] to be employed for the
protective coating study. In this chapter petalite protective performance have been
assessed with the DPI experiment. Petalite have been deposited through dip coating
technique starting from a slurry (30% wt. and water as solvent). Two firing procedures,
which differs in firing temperature and time, have been developed and the resulting
coatings have been tested under SPF conditions. Coating PET-A has been obtained
from a lower firing temperature and a longer firing time than coating PET-B. The two
coatings have been tested under the DPI test and results have been compared with the

uncoated ceramic material. The chapter outcomes can be summarised as follow:

e Coating PET-A is white and opaque after firing. During the test the coating is
affected by drastic wear after four titanium samples. Roughness studies and SEM

image analysis showed that wear is characterised by removal of material.
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e Coating PET-B is dark and translucent after firing. During the test the coating
peaks are smoothed and valleys are filled with material (boron nitride and oxides).
SEM images show an intermix layer between the coating and the substrate, indi-
cating good adherence. In addition, a multilayer of oxides is deposited on top of
the coating, showing chemical interaction between the coating and the titanium

sample.

e The surface degradation study shows that coating PET-B has a better perfor-
mance under SPF condition than coating PET-A, but the uncoated ceramic CT

wear is smaller than that of coating PET-B.
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Chapter 7

Performance evaluation of

protective coating solutions

In this chapter different coating solutions have been tested under SPF conditions
employing the DPI experiment. The coated ceramic materials are tested in both static
and dynamic mode and the results will show the effectiveness of the DPI test to make

strategic decisions on the use of protective coatings materials for SPF ceramic dies.

7.1 Introduction

In the following study three coating materials have been tested as protective coatings
for Ceradyne ThermoSil® 220 (CT in chapter [5)) ceramic material with the DPI test.
The coating performances are compared with uncoated ceramic from chapter [5| and
coating PET-B from chapter [6] The three coating materials employed in this chapter
have been selected by the author from a research of available commercial coatings. The
coating material have been selected according to the following requirements in order of

priority:
1. Availability in the market;

2. Working temperature; and

3. Coating CTE that would match with the substratdl}

The three selected coating materials are presented in table [7.I] Two coatings are
supplied by Ferro Corporation and one coating is supplied by James Kent Group. The
coatings’ technical sheets are available in appendix [C]and appendix [D] The coatings ID
(given in table will be used to refer to the coating materials. The coatings have

!Cardyne ThermoSil® 220 CTE is 1.7 x 1077 °C [95]
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Table (7.1) Coatings technical properties.

Firing R CTE Softeni int
Coating ID Supplier Product No. 1r1ngo ange . © enzng pom
(°C) (1077 / °C) (°C)
F-50 Ferro Corp 50 1046 1150 - 1250 33 950
James Kent
JK-N8 N8228 1000 - 1100 nd 950
Group
F-40 Ferro Corp 40 580 TF 1250 - 1300 60 1180
PET-B MinChem Ltd nd 1000 - 1350 <10 nd

been deposited via dip coating following their suppliers suggested procedure, which are
summarised in appendix [E]
This study focuses on the use of the DPI test to compare the different coating

materials. Results are used to assess each coating performance under SPF condition.

7.2 Experimental conditions

The coating solutions under discussion have been subjected to both the static and
dynamic modes of the DPI test. All the coatings have been deposited on Ceradyne
ThermoSil® 220 cubes (50.0 x 50.0 x 50.0 mm), as in the experiments carried in chap-
ters 5] and [6] The static mode DPI test evaluates resistance to thermal cycles and die
surface degradation typical of the adhesion areas (cf. figure , while the dynamic
mode DPI test simulates corner and sliding areas of the SPF die (cf. figure . In ad-
dition, the dynamic mode DPI test gives information regarding friction of the different
ceramic surfaces.

The static mode DPI test, as discussed in section [5.1.2.1] consists of a series of
thermo-mechanical cycle loads at standard SPF conditions. Time, temperature and
applied load are kept the same as the low-pressure condition (cf. ﬁgureand table
of the studies discussed in chapters 5] and [6] for comparison. The metal sheet samples are
made of commercial SPF grade Ti-6A1-4V alloy with dimensions 40.0 x 60.0 x 1.2 mm,
which are cleaned and sprayed with boron nitride (Kenametal, WJMB grade) suspension
before the DPI test.

The dynamic mode DPI experiment is carried out as well in this study. The dynamic

mode DPI test comprises three runs where different shear conditions are simulated.
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F-50 — Static mode DPI test

Before test

During test After test

a

Figure (7.1) Coating F-50 before low-pressure static mode DPI test picture (a), pseudo-
colour of the surface topography (b) revealed with confocal microscope technique and
thermal image (c). Coating F-50 after one cycle (d) and corresponding thermal image
(e). Coating F-50 at the end of the low-pressure DPI test picture (f) and pseudo-coloured
surface topography (g).

The dynamic mode DPI test comprises three run. For each run one new untested
ceramic sample is employed against one Ti-6Al-4V sample. All samples testing sur-
faces are polished before the dynamic mode DPI experiment in order to get a surface
roughness below 10.0 pm. As in chapter [0 three pressure levels have been tested,
corresponding to three cycle duration (cf. figure and table .

7.3 Results

7.3.1 Coating hot cracking and surface degradation
7.3.1.1 Static mode DPI test

Three coating materials have been investigated with the low-pressure static mode
DPI test. Coating F-50 before the test, which is showed in figure [7.1]a, is white and
translucent, thus is difficult to see the surface roughness with bare eye. The pseudo-
coloured image (cf. figure b), acquired with the confocal microscope, shows the real
surface morphology of the coating before the DPI test. During the test, thermal images

are recorded at each unloading of the titanium sample and the starting surface condition
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JK-N8 — Static mode DPI test
o WRRNE— ) : . R e

test

Figure (7.2) Coating JK-N8 before low-pressure static mode DPI test picture (a),
pseudo-colour of the surface topography (b) and thermal image (c). Coating JK-N8 at
the end of the low-pressure DPI test picture (d), pseudo-coloured surface topography (e)

and thermal image (f).

is shown in figure[7.I}c. Figure[7.1}d shows the coating after removal of the first titanium
sample, and the corresponding recorded thermal image is shown in figure [7-IJe. Both
figures reveal that coating F-50 loses its mechanical properties and become soft under
SPF conditions. The dark-brown/blue coating on the top suggests the presence of
several oxides on the surface. The transfer of material from the titanium sample to the
coating causes sticking between the two, making the removal of the titanium sample
more difficult at each cycle. Consequently, coating F-50 failed after five cycles; the
coating and part of the matrix of the ceramic substrate stuck to the titanium sample
during the unloading, generating a hole on the working surface that extended for more
than half of the contacting area (cf. figures f and g). The starting surface
roughness of coating F-50 before test is (15.4 £ 0.6) um. The measured roughness of the
overall coating F-50 after low-pressure static mode DPI test is (77.1 £ 0.8) pm, while the
roughness measured only in the area without considering the cracks is (7.4 4+ 0.3) pm.
The surface roughness change denotes a damage on the coating surface, while the region
of the coating not damaged shows a decreased surface roughness as a a consequence of
the coating softening.

Coating JK-N8 before test is showed in figure [7.2la. The coating is white and it
presents with porosities, which are more visible on the pseudo-coloured surface topogra-
phy in figure[7.2]b. Porosities, which are also visible on the thermal image in figure[7.2] ¢,
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F-40 — Static mode DPI test

Before test After test

Figure (7.3) Coating F-40 after deposition picture (a) and pseudo-colour of the surface
topography (b). Coating F-40 response after low-pressure static mode DPI test picture
(¢) and pseudo-coloured surface topography (d). Coating F-40 thermal image recorded

before test (e), after one cycle (f) and at the end of the low-pressure static mode DPT test

(8)-

are caused by release of gasses as a product of the chemical reactions that take place
during the firing process. The adhesion between coating and titanium sample is higher
than the one experienced while removing titanium samples during the test with coat-
ing F-50. As a result, coating JK-N8 can stand only two cycles before breaking. The
outcomes of the test are showed in figure [7.2]d, where the arrows highlight the coating
spallation that exposed the ceramic substrate. Along the borders of the ceramic sample
the coating is white, indicating a non-contact area with the titanium sample during
the experiment. The area of the coating in contact to the titanium sample becomes
red after the DPI test, denoting oxides formation. The pseudo-coloured image in fig-
ure [7.2]e reveals absence of the initial porosities of the coatings. The thermal image
in figure [7.2/f shows the wear of the coating. In addition, coating material is moved
out from the titanium part on the cube borders, as a result of the coating softening
under SPF conditions. Before test the measured roughness of coating JK-N8 surface is
(64.1 £+ 0.7) pm and after low-pressure static mode DPT test it is (38.9 £+ 1.2) um. Due
to the coating softening, the overall surface roughness decreased and the porosities at
the surface disappeared after the experiment.

The deposition of coating F-40 results in a black translucent layer as shown in

figure [7.3]a, where the pseudo-coloured surface topography in figure [7.3]b reveals the
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presence of porosities at the coating surface. Therefore, the measured surface roughness
before test is (65.4 &+ 1.6) pm. Under low-pressure static mode DPI test coating F-40 is
able to stand three cycles before failure. In figure [7.3lc and [7.3]d the resulting coating
surfaces after test are shown. The pseudo-coloured surface topography acquired with
the confocal microscope (figure d) helps to identify the remaining coating on the
ceramic surface (light blue and green areas) and the exposed substrate surface (dark
blue). Thermal images have been recorded before the experiment (figure [7.3]e), after
the removal of the first titanium sample (figure f) and at the end of the experiment
(figure g). Thermal images show no squeezing of the coating along the ceramic
sample borders, hence, coating F-40 does not suffer of softening under SPF conditions.
In addition, thermal images show the coating spallation during the DPI test. The
measured roughness of coating F-40 surface after low-pressure static mode DPI test is
(80.0 4 1.8) pm, which is higher than the starting roughness as indication of the coating

surface wear.

7.3.1.2 Dynamic mode DPI test

The dynamic mode DPI test is employed to examine the coating resistance to hot
cracking under shearing of a titanium sample on a coated die surface at SPF conditions.
The three selected coating materials and coating PET-B from chapter [6] are tested with
the dynamic mode DPI experiment. Figure [7.4] illustrates the resulting surface wear
recorded with thermal camera after unloading of the sample for their respective run
number.

Figures[74a,[7.4b and [7-4]c show the resulting coating PET-B surfaces for Run 1,
Run 2 and Run 3 respectively. Due to the difference in emissivity of the coating material
and the release agent, sprayed on each titanium sample, the brighter area denotes
the coating surface and the dark area on the coating surface is mainly boron nitride
transferred from the titanium sample to the coating surface. Run 1 and Run 2 are
characterised by a great amount of boron nitride transferred on the coating surface if
compared with Run 3.

Coating F-50 thermal images are showed in figures [7.4ld, [7-4le and [T.4f. Under
dynamic mode the softening of the coating is more evident. Coating material is moved
out of the circular track during rotation of the titanium sample (as indicated with the
arrows), and this aspect is more visible when rotation speed and load are increased in
Run 2 and Run 3.

The softening of the coating is visible in coating JK-N8 thermal images as well (cf.
figures g, .h and i). In addition, coating JK-N8 is damaged by the titanium
sample removal during Run 3.

Coating F-40 thermal images are showed in figures[7.4]], [7.4lk and [7.4]1 for Run 1,
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Coating PET-B — Dynamic mode DPI test
a - b | c . =

Figure (7.4) Thermal images recorded during the dynamic mode DPI test for coat-
ing PET-B at Run 1 (a), Run 2 (b) and Run 3 (c). Thermal images recorded during
the dynamic mode DPT test for coating F-50 at Run 1 (d), Run 2 (e) and Run 3 (f).
Thermal images recorded during the dynamic mode DPI test for coating JK-N8 at Run 1
(), Run 2 (h) and Run 3 (i). Thermal images recorded during the dynamic mode DPI
test for coating F-40 at Run 1 (j), Run 2 (k) and Run 3 (1).
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Figure (7.5) Titanium samples roughness normalised by their initial roughness. In
empty black circles is represented the ceramic CT uncoated surface degradation for low-
pressure condition (as reference). In empty red squares is represented the coating PET-B
surface degradation (from chapter @ In full blue triangles is represented the coating F-50
surface degradation. In full magenta diamonds is represented the coating JK-N8 surface
degradation. In full green triangles is represented the coating F-40 surface degradation.

All the samples have been tested at low-pressure static mode DPI test conditions.

Run 2 and Run 3 respectively. Coating F-40 does not reveal softening during the
dynamic mode DPI test. On the other hand, the coating removal is visible in every test

condition.

7.3.2 Titanium part surface degradation

The coating surface degradation cannot be analysed during the DPI test after each
cycle, but the surface roughness change of each titanium sample is measured to observe
the coating surface wear. During the DPI test, the titanium sample is in its super-
plastic region, thus the applied pressure induces the titanium sample to mirror the die
surface [86]. The titanium sample surface roughness, Sa;(71"), is studied as a function
of the sample sequence, and normalised with their starting roughness, Sao(7%). Fig-
ure shows the resulting normalised values of the titanium surface roughness trends,

Sa;(T1)/Sao(Ti), from the low-pressure static mode DPI test for the coating F-50 in
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full blue triangles, the coating JK-N8 in full magenta diamonds, the coating F-40 in
full green triangles, the uncoated ceramic (as reference) in empty black circles and
coating PET-B in empty red squares.

The starting value of the coating materials studied in this study is similar of below
the uncoated ceramic, while coating PET-B from a previous study (see chapter |§|, has a
starting value of 1.6. Coating F-50 titanium normalised surface roughness starts from a
value of 1.3, similar to uncoated ceramic, but the trend suddenly changes and the value
increases almost one order of magnitude after five cycles, indicating wear of the coating.
A similar trend is exhibited in coating JK-N8 after only two cycles and in coating F-40
after the third cycle.

As discussed at page [70] the Vmp values of the titanium sample are compared with
the Vv values of the coating, and the Vvv titanium sample values are compared with
the Vmp values of the coating.

Figure[7.6 shows the Vimp and Vvv values measured on the titanium samples tested
on coating F-50, JK-N8 and F-40 respectively. For each coating material a graph reports
the valley void volume of titanium samples, Vov(T'), plotted against the peak material
volume of the coating surface measured before, Vmp;(Die), and after, Vmpy(Die),
test. In addition, a second graph reports the peak material volume of titanium samples,
Vmp(T4i), plotted against the valley void volume of the coating surface measured before,
Vvvi(Die), and after, Vvvg(Die), test. These graphs shows the relation between the
volume surface parameters of the tested titanium samples against the coating surface
condition. In figure [7.6] the Vmp and Vv parameters of the titanium samples show a
trend that starts from the initial Vov and Vmp parameters of the coating and tends to
the coating final value, indicating that the titanium samples are replicating the wear of
the coating. This trend validates the use of titanium samples roughness value to control
the coating surface degradation. In addition, it is possible to monitor the coating surface
degradation at each cycle.

Coating F-50 Vvv and Vmp trends show that both the coatings’ peak material
volume, Vmp(Die), and valley void volume, Vvv(Die), increase during the DPI test.
This trend, considering the outcomes showed in section [7.3.1] denotes a stable wear for
the first four cycles and then a generation of valleys and peaks on the coating surface
during the last two cycles (cracking of the coating). The absolute values of Vimp and
Vv are higher if compared with the other coatings or the values seen in the previous
case studies, indicating that the generation of peaks and valleys is quite important.
If we consider the coating surface without the crack, the final Vmp and Vov values
are 0.45 and 0.77 ml®/pum?, indicating that the coating surface have been smoothed
by the softening of the coating, eroding asperities and filling the porosities. The wear

mechanisms of coating F-50 are characterised by scale build up and removal of coating
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Figure (7.6) The measured material peak volume per unit area, Vmp, and the void
valley volume per unit area, Vov, are showed for coating F-40, JK-N8 and F-50. For each
coating the void valley volume measured on the titanium samples, Vou(T%), is evaluated
with the material peak volume measured on the coating before (Vmp;(Die)) and after
(Vmpy(Die)) the DPI test; the material peak volume measured on the titanium sam-
ple, Vmp(T%), is evaluated with the void valley volume measured on the coating before
(Vov;(Die)) and after (Vovs(Die)) the DPI test.
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material, generating deep valleys on the surface, as seen in figure

Coating JK-N8 shows a similar trend to coating F-50 when considering the coating
Vmp, and due to the similar hot cracking of the coating the Vvv is expected to have
the same trend as coating F-50. Figure[7.6]shows that the coating JK-N8 Vvv decreases
during the experiment, in contrast with coating F-50 trend. The reason why the volume
of void valleys decreases in coating JK-N8 during the experiment instead of increasing
(there are visible valleys generated during the experiment) is due to the high starting
porosity of the coating before the experiment. The wear mechanisms of coating JK-
N8 are characterised by deposition of material on the coating surface and removal of
material as seen in figure even if the Vov value measured is affected by the high-
porosity concentration on the starting coating.

Coating F-40 Vmp value is decreasing during the DPI test, while Vv value is
increasing. This trend indicates that asperities have been eroded and material has been
removed from the coating leaving void valleys on the surface during the experiment. The
wear mechanism of coating F-40 is characterised by spallation of the coating, which has

been eroded and removed from the substrate, leaving voids on the surface as seen in

figure [7.3]

7.3.3 Chemical interactions

Under SPF conditions the titanium sample and the coating interact and scale builds
up on the die surface. Cross section and top view SEM images are useful to investigate
the chemical interaction at the die-part interface. Ceramic samples are cut, lapped and
polished following standard procedures. Samples are dried under vacuum for at least
48 hours before SEM inspection.

Figure[7.7la shows coating F-50 after the low-pressure static mode DPI test, where
a top surface X and a cross section Y have been cut and prepared for SEM inspection.
In figure [7.7]b a cross section of the coating after firing is shown. The interface coat-
ing/substrate is well defined and there is no presence of an intermix layer as in coat-
ing PET-B. The coating is 400 pm thick and considerable porosities are visible in the
coating, with diameters up to 200 pm. Figure[7.7 ¢ shows the cross section Y after test,
which exhibits high porosity mainly concentrated at the coating-substrate interface.
Porosities have been seen before the test dispersed in the coating (cf. figure b), and
after the DPI test the porosity concentration migrates to the coating-substrate inter-
face. These results suggest that under SPF condition the diffusion of porosity already
in the coating is promoted to move toward the substrate. Another possible cause of
high porosities concentration at the coating-substrate interface after the DPI test is
the release of trapped gasses from the intrinsic porosities of the substrate during the

DPI test. The coating thickness (measured from an extended cross section) after test
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Figure (7.7) Coating F-50 after low-pressure static mode DPI test (a) where areas of
interest are highlighted. SEM image of coating F-50 cross section after deposition (b).
SEM images of the cross section Y (c) after DPI test. The area X top view SEM image
have been acquired (d) and its magnification (e) and EDX map of titanium element (f)

are presented. All SEM images are acquired with backscattered electron detector.

decreases to about 50 pm. In addition, a scale layer is visible on top of the coating.

The top surface SEM image of the coating fracture (figure d) shows the cracks
generated on the substrate ceramic matrix during the unloading of the titanium sample.
The porosities at the coating-substrate interface have been identified, where bubbles of
trapped gasses are highly concentrated and they can drastically decrease the coating
mechanical properties, being one of the causes of the coating failure.A magnification
of the coating (figure e) have been acquired together with EDX map of titanium
element to identify the titanium layer. From the EDX map (figure f) the different
layers of titanium oxide are visible.

Coating JK-N8 cross section SEM image before testing is showed in figure [7.8|a,
where the coating presents a thickness of approximately 800 pm and a net interface
with the substrate. The coating presents some porosities of different sizes, mainly with
a diameter of approximately 100 pm. In addition, cracks due to thermal shrinkage are
visible in the coating. After low-pressure static mode DPI test, the coating top view
area (X) and cross section (Y) have been analysed with SEM and are highlighted in
figure [7.8b. The top view (cf. figure c¢) shows the coating fracture surface, where a

crack parallel to the substrate surface is visible. Such a crack can causes spallation of
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Figure (7.8) SEM image of coating JK-N8 cross section after deposition (a). Coat-
ing JK-N8 after low-pressure static mode DPI test (b) where areas of interest are high-
lighted. SEM image of area X top view (c) is presented. SEM image of the cross section Y
(d), and its EDX acquired maps for silicon (e), aluminium (f) and titanium (g) elements

are presented. All SEM images are acquired with backscattered electron detector.

the coating. On top of the coating, in white, there is accumulation of titanium oxide,
identified with EDX spectra, transferred from the titanium sample to the coating, as
a result of chemical interaction. The cross section of the coating after test is shown in
figure [7.8ld. The coating-substrate interface is difficult to identify without the help of
EDX maps for silicon and aluminium elements (cf. figure [7.8le and [7.8/f). The coating
shows porosities at the interface with the substrate and it is approximately 100 pum
thick. On the top of the coating an oxide layer is visible, where the brighter layer is
titanium rich as shown in the EDX map in figure g. Inside the oxide layer is visible a
void where material is trapped. These voids are spread all over the coating surface and
are visible in figure b as under-coating bubbles (highlighted in the white ellipse).
The presence of bubbles can be explained by a chemical interaction between the coating
top surface and the deposited oxide layer. This interaction may occurs during the heat-
up time, before a new titanium sample is tested and a new oxide layer is deposited. The
interaction releases gasses, which are trapped under the oxide top layer.

Figure [7.9shows the SEM images acquired from coating F-40. The coating, before
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Figure (7.9) SEM image of coating F-40 cross section after deposition (a). Coating F-

40 after low-pressure static mode DPI test (b) where areas of interest are highlighted. Top
view SEM image of the area X (c) and cross section Y (d), with its EDX acquired maps

for titanium element (e).

the experiment (cf. figure a) is approximately 500 pm thick and there is no evidence
of intermix between the coating and the substrate. A few porosities of about 50 pm
diameter are present in the coating, and some cracks as well are visible transverse to
the substrate deposition plane, which are generated by thermal shrinkage within the
coating due to CTE mismatch with the substrate (cf. table . After low-pressure
static mode DPI test, a top view area (X) and a cross section (Y) of the coating (cf.
figure b) are investigated with SEM. Examining the cross section Y, where a thicker
coating survived to the experiment, SEM image (cf. figure c) shows the presence
of a small concentration of porosities in the coating. After the DPI experiment, the
coating exhibits an intermix layer, which was absent before the test. In addition, there
is no presence of oxide layer on the top; the titanium-rich layer seen in the other coating
is not visible in the EDX map for the titanium element (cf. figure [7.9}d). This result
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suggests that the coating did not chemically interact with the titanium samples as much
as the other coatings assessed.

On the other hand, the top view SEM image (cf. figure .e) shows the coating
fracture surface from the top view. In figure[7.9]e is visible the border between the oxide
scale and the remaining coating (red line). Within the coating two zoned are identified:
the mirror zone, which is characterised by a smooth surface roughness, and a mist zone,
where the surface roughness increase. These two zones, beside the hackle zone, which
is missing, are similar to the brittle material fracture morphology [113] [114].

However, in this case, the mirror zone can identify the coating left after the experi-
ment, while the mist zone shows the intermix layer, where most of the coating material

has been locally removed, leaving the intermix layer exposed.

7.3.4 Friction

The dynamic mode DPI test gives information regarding the estimated coefficient
of friction (COF) between the ceramic material and the titanium sample under SPF
conditions. In the dynamic mode DPI experiment three operational set-up (runs) have
been tested; Run 1 is a low-pressure /low-speed condition, Run 3 is a high-pressure /high-
speed condition and Run 2 is a middle point. Figure [7.10] shows the measured COF
of uncoated ceramic (white), coating PET-B (red), coating F-50 (blue), coating JK-
N8 (magenta) and coating F-40 (green). The error bars are measured as the standard
deviation of the average.

The resulting COF shows a trend from Run 1 to Run 3: at lower pressure and speed
the resulting COF is lower than at higher pressure and speed for all the coatings. From
the analysis of variance (ANOVA) of the means values of COF for each run , considering
a significance level of 0.05 (thus a confidence level of 95%), results that the uncoated
ceramic CT has the lowest COF value and coating JK-N8 has the highest for all the
test conditions (runs). In addition, within all the tested coatings, PET-B and F-40 are
the coatings that show a lower COF compared with the other coatings. The ANOVA
reveals that in Run 1, at the 0.05 level of confidence, there is no significant difference
between the means values of COF for PET-B and F-40; in Run 2 PET-B has a lower
value of mean COF than F-40; in Run 3 F-40 has a lower value of mean COF than
PET-B.

The COF gives an idea of the interaction at SPF temperature between the ceramic
surface and the titanium sample. In addition, this data could be employed in finite
element modelling for a more accurate simulation of the SPF process with ceramic

materials.
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Figure (7.10) Coefficient of friction (COF) measured during the dynamic mode DPI
test in each set of SPF conditions (run) for uncoated ceramic CT (as reference), coat-
ing PET-B, coating F-50, coating JK-N8 and coating F-40. Run 1 is characterised by a

slower pressure and rotation speed than Run 3, while Run 2 is a midpoint level.

7.4 Conclusion

Three coating solutions have been investigated in this study and coating perfor-
mances under SPF conditions have been compared with uncoated ceramic CT and
coating PET-B. All the coatings have been deposited following suppliers suggested pro-
cedure. The outcomes of the DPI test regarding coatings performance gives important
information for the selection of eligible protective coating solutions for SPF ceramic
dies.

Coating F-50 under static DPI test shows softening and it can stand five cycles
before breaking. Under dynamic DPI test, it shows softening as well and a high COF,
indicating a high mechanical (and chemical) interaction between the coating and the
titanium part. The chemical interaction is investigated with SEM images. Before DPI
test, the coating is 400 pum thick and it does not show an intermix layer, as coat-
ing PET-B. and there are porosities within the coating. After DPI test, the porosities
are concentrated at the substrate-coating interface and on the top coating surface an

oxide layer transferred from the titanium part is visible.

111



Coating JK-N8 shows softening as well under both static and dynamic DPI test. The
coating can stand two cycles before breaking under static DPI test, while the softening
of the coating results in a high COF under dynamic DPI test. SEM image of the
coating before test shows high porosity concentration within the coating. In addition,
the coating is about 800 pum thick and thermal shirnkage cracks are visible. After the
test, SEM images reveal cracks parallel to the substrate surface that are cause of the
coating spallation. In addition, the porosities are concentrated at the coating-substrate
interface. An titanium-rich oxide layer is visible on the top surface of the coating, which
is the result of the chemical interaction between the coating and the titanium part. In
addition, this layer is reactive at high temperature, generating gas that is trapped within
the layer, causing voids within the top of the coating.

Coating F-40 does not show softening under SPF conditions. Under static DPI
test, the coating fails after three cycles. In dynamic mode DPI test the coating suffers
material removal. SEM images shows that the coating failure is due to poor adhesion to
the substrate. In addition, SEM images show that the coating before test is 500 pm thick
and it shows few porosities and cracks due to thermal stresses. SEM images acquired
after test show the brittle fracture of the coating and the presence of an intermix layer
between the coating and the substrate, which was absent before the test, indicating that
there is margin of improvement of the coating adhesion. In addition, there is no oxide
layer deposited on top of the coating, indicating limited chemical interaction between
the coating and the titanium parts.

The recorded coatings’” COFs during the dynamic mode DPI test show that the
uncoated ceramic has the lowest COF, while coating JK-N8 has the highest COF. In
addition, within the coated ceramics, coating PET-B and coating F-40 have a lower
COF then the other tested coatings. In conclusion, the DPI test has been successfully
employed to assess different coating materials and can be implemented for a systematic
study of several coating solutions, in order to identify these that could be transferred

in mass production.

7.5 Summary

In this chapter the DPI test has been employed to assess three coatings’ performance
under SPF condition. The test outcomes have been compared with the uncoated sub-
strate (ceramic CT) from chapter |5| and coating PET-B from chapter @ The chapter

outcomes can be summarised as follow:

e Coating F-50 results in softening under SPF conditions that compromises the

coating performance;
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e Coating JK-N8 shows softening as well and poor performance under SPF condi-

tions;

e Coating F-40 does not show softening or oxide layer on the top surface. The
coating performance is compromised by the poor adhesion of the coating to the

substrate, which could be improved.
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Chapter 8

Discussion of collated results

The following chapter focuses on the discussion of the results obtained from all the
three studies carried in chapter 5] [6] and [7] The results obtained in this research work
have been crucial to develop a test protocol to be implemented to assess SPF ceramic
die surface wear. The test protocol, which is discussed at the end of the chapter,

comprises the static and dynamic modes of the DPI experiment.

8.1 Introduction

The DPI test has been employed with several ceramic die conditions: in this work
two different uncoated ceramic material have been tested for comparison in chapter
two deposition procedures of the same coating material have been assessed in chap-
ter [6] and several coating materials’ performances have been investigated in chapter [7]
Through the DPI experiment it has been possible to investigate different wear mech-
anisms, depending on the material properties. This chapter aims to compare the key
metrics employed to evaluate the surface wear and coating performance in order to

identify the major wear mechanisms that take places during the DPI experiment.

8.2 Die hot cracking and surface degradation

The DPI test enables the investigation of the interaction at the die-part interface
under SPF conditions. Two uncoated ceramic materials and four coating materials, one
of which it has been deposited with two different firing procedures, have been tested
with the DPI test. Figure [8.1] presents an overview of the resulting behaviour of all
the materials tested under the static mode DPI test. The material response have been
quantified with an increasing grade from one to five, for the static mode DPI test, as

follows:
e One denotes that the material breaks after less than five cycles;
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Static mode DPI test

Low pressure High pressure

Rank 1 2 3 4 5 1 2 3 4 5

survived; . . survived;
N survived; | survived; N
minor <5cycles | >5 cycles X minor
degraded | adhesion
damage damage

survived; | survived;

description| <5 cycles | >5 cycles degraded | adhesion

Uncoated ceramic CT

Uncoated ceramic HC

Coatings - substrate ceramic CT

PET-A NOT TESTED
PET-B NOT TESTED
F-50 NOT TESTED
IK-N8 NOT TESTED
F-40 NOT TESTED

Figure (8.1) Materials response to static mode DPI test. Coating performance has not

been tested under high-pressure condition.

e Two denotes that the material breaks after more than five cycles;

Three indicates that the material does not break but it degrades during the ex-

periment;

Four indicates that the main wear is adhesion of release agent from the titanium

sample to the die;

Five indicates minor degradation.

The DPI test outcomes show that under low pressure conditions the uncoated ce-
ramic CT and HC have better performance than the tested coatings. Within the coat-
ings, PET-B shows the best performance. Due to the poor performance of the coatings
under low pressure conditions, the high-pressure static mode DPI tests have been con-
ducted only on the uncoated ceramics for validation purpose of the developed test
method.

With the data collected so far from the DPI experiments is possible to build a
performance indicator that gives quantitative information regarding the surface wear
diagnosis. In figure the control charts of surface roughness parameter Sa(T%) of
uncoated ceramic CT, coating PET-B and F-50 are presented. The control chart is
usually employed for statistical control of any process stability [I15]. The centre line is
the average value (Sa(T%)) calculated for the whole sample sequence, while the upper

and lower control limits (UCL and LCL) are calculated as Sa(T4i) 4 3s where s is
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the standard deviation of the sample in consideration. For example, for the uncoated

ceramic CT there are fifteen Sa(7) measurements and

_ Zzlil Sa(T'i);

H 15

and the standard deviation s is calculated as

_ | Xi21(Sa(Ti); — Sa(Ti))?
s_\/ T (8.2)

The control chart identify if the process is in control within the interval six times the
standard deviation. In addition, the centre, UCL and LCL lines have to be calculated
from a sample greater than twenty samples [I15]. Figure shows that the uncoated
ceramic CT roughness parameter is in control over the fifteen cycles that have been
carried on the DPI rigﬂ In figure are presented the control chart made for PET-B
and F-50 coatings as well. The center, UCL and LCL lines for coating F-50 have been
calculated without considering the last measurement, which is clearly an out-of-control
measure. The control charts here have been presented to shows the possibility of using
a statistical process control tool to determine whether the surface degradation of the die
surface is in-control or out-of-control. In the cases presented in figure the uncoated
ceramic CT and coating PET-B are within the UCL and LCL range, thus the surface
degradation is in-control, while coating F-50 control chart shows the drastic surface
degradation on the sixth sample. This tool can be employed to have a quantitative
measure to determine the surface degradation during the DPI test (or SPF trials).

The dynamic mode DPI test have been carried out on the uncoated ceramic CT
and HC and on ceramic CT coated with PET-B, F-50, JK-N8 and F-40 respectively.
Figure [8.3] shows the overall results of the dynamic mode DPI test.

For the dynamic mode DPI test the material responses have been quantified in a
range from [ to III, where I indicates that the material cannot stand the shear stress
and breaks, II] indicates good resistance to shearing, and II is a middle point.

The uncoated ceramic materials, CT and HC, have been tested under static mode
DPI test using both low- and high-pressure conditions, where the HC material showed
better performance than CT. The dynamic mode DPI test revealed that HC is not
suitable for SPF applications as it drastically suffers shear stresses.

Under dynamic mode DPI test, coating PET-B reveals better response than the
other coatings, but still a lower performance compared to the uncoated ceramic CT.

The suitable protective coating should be able to maintain good protective perfor-

mance at high temperature under load (static mode) and shear (dynamic mode). In

I There are other rules to determine if the process is in control, but this is beyond the scope of this

discussion. For further information about the topic refer to [115].
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Figure (8.2) Control chart of uncoated ceramic CT, coating PET-B and coating F-50
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Dynamic mode DPI test

Rank I ] [}

major minor | unaffected

descripti
escription damages | damages by shear

Uncoated ceramic CT

Uncoated ceramic HC

Coatings - substrate ceramic CT

PET-A NOT TESTED

PET-B

F-50

JK-N8

F-40

Figure (8.3) Materials response to dynamic mode DPT test. Coating PET-A has not

been tested under dynamic mode DPI experiment.

addition, under static mode, it should be able to stand both low and high pressure

conditions.

8.3 Wear mechanisms

The titanium samples’ change of roughness during the static mode DPI test has been
used to monitor the surface degradation of the die. The first order roughness parameter
Sa plotted against the sample sequence gives an immediate feedback of the die surface
conditions during SPF trials. In addition, the second order roughness parameters, or
3D areal functional parameters, such as the material peak volume (Vmp) and the void
valley volume (Vwv), give an indication of the wear mechanism that is taking place at
the die surface during the DPI test. When AVmp(Die) increase, deposition of material
on the top surface occurs, while a decrease of AVmp(Die) indicates erosion of material
from asperities. On the other hand, the increase of AVvwv(Die) value indicates removal
of material which increase the volume of void valleys (such as porosities or cracks),
while the decrease of AVvwv(Die) value indicates filling with material of the pre-existing
porosities. The evolution of 3D areal functional parameters have been employed in
literature to investigated surfaces wear in different application, such as scuffing during
plastic deformation of sliding surfaces [116], or lubrication retention [I17]|. Table
summarises all the possible wear scenarios depending on the change of the roughness
parameters AVmp(Die) and AVvv(Die). The findings from the second order roughness

parameters study can be summarised as below:
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e Wear of the uncoated ceramic CT under low-pressure conditions is characterised
by gain of material on the top surface (increase of Vmp) and filling of porosi-
ties (decrease of Vov). Under high-pressure conditions the wear is characterised
by gain of material on the top surface (increase of Vmp) and increase of voids

(increase of Vov) due to removal of material where cracks arise.

e The uncoated ceramic HC is characterised by small changes in roughness, which
indicate no great wear is occurring. Under high-pressure condition a small increase
of Vmp indicates accumulation of material on the top surface, as visible in the

pictures.

e The petalite coating PET-A is characterised by erosion of asperities (decrease of

V'mp) and removal of material generating voids (increase of Vo).

e Coating PET-B wear comprises erosion of asperities (decrease of Vmp) and filling

of porosities (decrease of Vo).

e Coating F-50 wears by gain of material on the top surface (increase of Vmp) and
increase of voids (increase of Vwvv) due to removal of material where the crack

arise.

e Coating JK-N8 wears by gain of material on the top surface (increase of Vmp)

and decrease of porosities (decrease of Vo).

e Coating F-40 wear is made of erosion of asperities (decrease of Vmp) and removal

of material generating voids (increase of Vov).

Two of tested coatings undergo to softening during the DPI test. The combination
of temperature and pressure parameters employed during the experiment shows that
coatings F-50 and JK-N8 suffer softening. In order to have a better interpretation of the
wear mechanisms involved during the DPI test, a more accurate second order surface
roughness parameters (Vmp and Vov) analysis has been carried for coating F-50 and
JK-N8 due to their softening behaviour. In figure the Vov and Vmp trends have
been measured considering the coating surface area where softening is arisen during
testing, neglecting the cracks areas. In this case, both coatings F-50 and JK-N8 show a
decrease of Vmp and Vvv on the die, indicating a decrease of material peaks and filling of
voids due to softening instead of erosion or material transfer. When the coating softens,
it becomes viscous, enabling self-levelling of the surface roughness under the pressure
of the titanium part. In table the softening phenomena have been highlighted for
the two coatings under discussion. These data alone, do not explain the different wear
mechanisms that take places with each tested surface, but they need to be combined

with SEM analysis for a better interpretation.
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Table (8.1) Summary of the wear mechanisms that can be identified with the study of

the die’s second order roughness parameters Vmp and Vov.

AVmp(Die)  AVwv(Die) Effect Affected coatings
Deposition of material on the top surface
" + AND Ceramic CT (HP)
Removal of material from porosities or Coating F-50*
generation of new porosities
Deposition of material on the top surface Ceramic CT (LP)
+ - . _AND . Coating JK-N&*
Filling of voids (porosities) with material
+ = Deposition of material on the top surface Ceramic HC (HP)
_ + Removal of material from porosities or
- generation of new porosities
= - Filling of voids (porosities) with material
= = No considerable change Ceramic HC (LP)
Erosion of material form asperities .
AND Coating PET-A
- + Removal of material from porosities or Coating F-40

generation of new porosities

Erosion of material form asperities Coating PET-B
- - AND Coating F-50**
Filling of voids (porosities) with material Coating JK-N8**

- = Erosion of material form asperities
Coatings F-50 and JK-N( are affected by softening during the experiment.

* Surface roughness parameters measured considering the whole area
** Surface roughness parameters measured without considering cracks areas
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F-50 (withouth cracks) - second order roughness parameters
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Figure (8.4) The measured material peak volume per unit area, Vmp, and the void
valley volume per unit area, Vv, are showed for coating F-40 without considering cracked

area.
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8.4 Chemical interaction

The uncoated ceramic CT surface wear is characterised by deposition of release
agent from the titanium sample to the ceramic. At low pressure, the transferred boron
nitride keeps its white colour, suggesting that no chemical reaction has occurred, but
only physical transfer of a release agent layer on the ceramic surface. When tested
at high pressure, the deposited layer is red-brown coloured, indicating that a chemical
reaction has occurred. The surface of a ceramic CT sample after high-pressure static
mode DPI test investigated with SEM and EDX (cf. figure ?77?) reveals the presence
of titanium transferred to the die surface. The EDX technique identifies the atomic
elements’ presence, but it does not give information about the oxidation state of these
elements. Further investigation with other techniques could validate the oxidation state
of the titanium deposited on the ceramic surface. The high chemical interaction at high
pressure results in the damage of the ceramic surface after the third test cycle.

After testing with the DPI experiment, the uncoated ceramic HC surface exhibits
release agent transfer from the titanium sample to the ceramic in both high- and low-
pressure conditions, but differently from ceramic CT, ceramic HC is not damaged during
the high-pressure test. The main physical difference between the two ceramic materials
is the amount of porosities at the surface: ceramic CT is more porous than ceramic HC
due to the manufacturing procedure employed (the chrome infiltration process drasti-
cally decreases porosity [28]). Porosities affect both the physical and chemical inter-
action, and they can negatively affect mechanical properties as well. In addition, the
presence of porosity acts as an oxygen source, where oxidation is promoted. An oxidis-
ing atmosphere in presence of titanium increase the chemical interaction between the
titanium part and the die, resulting in adhesion of titanium oxide to the die working
surface. Furthermore, porosity at the die-part interface increases the exposed surface,
hence the interaction become stronger at higher pressure, as shown with ceramic CT.

Despite ceramic HC performing better than ceramic CT under static mode high-
pressure conditions, ceramic HC breaks under shear stresses during the dynamic mode
experiments, thus ceramic CT has been selected as substrate material.

To increase the wear resistance of ceramic CT SPF dies the surface porosity should
be decreased, thus coating solutions have been selected for testing, which should reduce
surface porosity. In addition, for the coating to be beneficial, it should not interact with
titanium samples, hence the DPI test has been carried out to investigate the coating
performance under SPF conditions.

Table [8:2] summarises the outcomes from the analysis of SEM images acquired from
the coatings after deposition and after static mode DPI test. Petalite has been identified

to fulfil the requirements imposed by the SPF process and the ceramic die material.
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Table (8.2) Observations from SEM analysis.

After deposition

* White and opaque
* Intermix layer absent

Observations

After static mode DPI test

* White and opaque with some
glassified areas
¢ Coating removed during test

Comments

Poor sintering of
the coating

PET-A * Multiple cracks parallel to substrate
surface
* Accumulation of oxides on top surface
* Coating fails after 4 cycles
* Dark and translucent * Intermix layer still present Further work
*200um external layer + 200um *Some porosities within the coating needed to
PET-B intermix layer (good for adhesion) * Erosion of coating material investigate different
*Some porosities within the coating * Accumulation of oxides on top surface  release agents
* White and opaque * Dark-blue layer Not suitable for SPF
* 400pum thick * Softening during test applications
* Intermix layer absent * Porosity concentrated at the interface
F-50 * Porosities within the coating substrate-coating
* Accumulation of oxides on top surface
« Coating fails after 5 cycles
* White and opaque * Brown layer Not suitable for SPF
* 800um thick * Softening during test applications
* Intermix layer absent ¢ Accumulation of oxides on top surface
JK-N8 * Porosities within the coating * Porosity concentrated at the interface
* Cracks perpendicular to substrate substrate-coating and within the
surface (thermal stresses) deposited oxide layer
* Coating fails after 2 cycles
¢ Dark and translucent ¢ Intermix layer arise during test Further work
* 500um thick *Some porosities within the coating needed to improve
F-40 ¢ Intermix layer absent ¢ Coating removal during test coating adhesion to

*Some porosities within the coating
* Cracks perpendicular to substrate
surface (thermal stresses)

* Coating fails after 3 cycles
* No accumulation of oxide on top
surface

substrate

Petalite is a lithium-rich aluminosilicate with very low CTE and it has been selected
as potential protective coating. A deposition procedure has been developed, and two
firing procedures have been investigated. The resulting coatings’ performances have
been tested with the DPI experiment. The coating obtained with firing procedure A,
PET-A, is white and opaque. SEM images of coating cross section after DPI test show
cracks parallel to the substrate surface, indicating that the sintering process is poor.
During the DPI test part of the coating is removed and some areas show a shiny surface,
indicating that the coating glassified in those regions as a result of an incomplete firing
process. Further investigation could be conducted increasing the time of the firing
procedure A.

Firing procedure B results in a more performing coating, where the material is fully
sintered as cross section SEM images show. In addition, the coating exhibits an intermix

layer that enhances the coating adhesion to the substrate. No coating spallation or
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cracks in the coating have been found after the DPI test. In addition, the coating does
not suffer softening during the DPI test, but it is affected by erosion of material and
oxidation of the deposited release agent and titanium oxide on the working surface. On
the coating, differently from PET-A, there is no adhesion of thick titanium layers and
spallation of the coating does not occur; the results suggest that coating PET-B could
be a good candidate for further work, for example investigating the chemical interaction
using different release agents.

Few coatings are available in the market that can fulfil the SPF process and ceramic
die requirements, and most of them have low commercial availability. Three coating
materials, of those commercially available, have been tested in this work. Coating
F-50 and coating JK-N8 shows inadequate performance under SPF conditions. Both
the coating suffer softening, which increase the chemical interaction between coating
and titanium sample. Coating F-50 exhibits a dark-blue layer on the working surface
after the DPI test, while coating JK-N8 has a brown layer. The colour is due to
the titanium oxidation number, thus the type of titanium oxide generated. Further
investigation on the titanium oxidation number should clarify this aspect. The cross
section of coating F-50 and coating JK-N8 analysed at the SEM shows high porosity
in the coating. The porosity may be due to the oxygen released from the (porous)
ceramic substrate, where gasses are trapped in the coating during the firing. Future
works may focus on the optimization of the firing process with porous substrates. In
conclusion, the results obtained with coating F-50 and coating JK-N8, with the current
firing procedure, suggest that these materials are not suitable for SPF applications.

Coating F-40 is another of the coatings selected from the market. The firing proce-
dure employed has been suggested from the supplier and the obtained coating has not
produced any intermix layer with the substrate, but the cross section of the coating
after test analysed with SEM shows that an intermix layer between the coating and the
substrate has arisen after keeping the coating for prolonged time at the testing temper-
ature. This result indicates that, if the deposition process is optimised, it is possible to
obtain a dense protective coating well adhered to the ceramic substrate. In addition,
coating F-40 does not present scale built-up on the working surface, as seen in all the
other situations. The coating failed during the DPI test because of low adhesion with
the substrate. These results suggest that further investigation should be conducted on
the optimisation of the coating firing procedure in order to obtain a better adhesion
with the substrate. This has not been undertaken in this study as the focus of this
thesis is on validating a test methodology.

From the outcomes of the DPI test the uncoated ceramic CT results to be the
best option in terms of surface degradation resistance and chemical interaction with

the titanium parts. Two coatings undergo to softening during the test conditions,
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Figure (8.5) COF from dynamic mode DPI test for all the tested materials. Due to
rupture of the ceramic HC sample during Run 3, the COF is affected by high variability

of the reading value, thus high standard deviation.

which results in strong adhesion between the die and titanium part that makes difficult
the unloading of titanium part at the end of each cycle and generates cracks at the
die surface. Coatings F-50 and JK-N8 are thus not employable for SPF applications.
Results from coatings F-40 and PET-A show that further work should be conducted
to optimise adhesion between coating and substrate. Coating PET-B shows interesting
results in terms of surface degradation under SPF conditions, but the coating suffers of
strong chemical interaction with titanium oxide under SPF conditions compared with

the uncoated substrate (ceramic CT).

8.5 Friction

The dynamic mode DPI test gives information regarding the COF between the ce-
ramic material and the titanium sample under SPF conditions. The measurement of
COF is explained in section where a circular geometry has been considered for
an easier calculation of the COF. The resulting COF, calculated implying this simpli-
fication, is underestimated. In order to achieve a more accurate measure of the COF,
a circular geometry of the titanium sample should be used during the dynamic mode
DPI test. However, the estimated COF resulting from this testing method is used for

comparison studies. In the dynamic mode DPI test Run 1 is a low-pressure/low-speed
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Figure (8.6) The Die-Part Interface test protocol

condition, while Run 3 is a high-pressure/high-speed condition and Run 2 is a middle
point; figure presents the resulting coefficient of friction measured for all the surface
conditions tested. The analysis of variance (ANOVA) for all the average COF values for
each run, weight for their standard deviation, and considering a significance level of 0.05
(thus a confidence level of 95%), indicates that the uncoated ceramics (CT and HC)
have the lowest COF value and coating JK-N8 has the highest for all the test conditions
(runs). Coatings F-50 and JK-N8 have the highest COF in all runs, due to softening
of the coatings under SPF conditions, which makes the coatings viscous, increasing the
adhesion with the titanium part, thus resulting in a higher COF. Between the uncoated
ceramics, HC has a lower COF than ceramic CT in Run 1 and Run 2, while is compa-
rable in Run 3, but higher standard deviation due to cracking of the ceramic HC block
during testing.

The COF gives an idea of the interaction at SPF temperature between the ceramic
surface and the titanium sample. Data in figure [8.5] give a quick overview of the me-
chanical and chemical interaction at the die-part interface, showing that all the tested
coatings interactions are greater than the uncoated ceramics. In addition, this estimated
data could be employed in finite element modelling for a more accurate simulation of

the SPF process with ceramic materials.
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8.6 The die-part interface test protocol

The results obtained in the previous chapters have been used to formulate a test
protocol to be employed for future surface wear assessment of different die materials
and/or protective coatings under SPF conditions at a laboratory scale.

The test protocol is summarised in figure and it gives a precise guideline to
proceed with SPF die-surface wear assessment. The aim of the test protocol is to
establish a database of material’s behaviour under SPF conditions, which will help
materials engineer to select the proper die material and protective coating depending
on the die geometry, formed part alloy and SPF cycle. As shown in figure [8:6] the first
step of the test protocol is to select the SPF conditions. In this step the die geometry,
material of formed part, forming temperature and SPF cycle are established. The next
step is to extrapolate the DPI testing parameters from the SPF conditions defined in the
previous step, as explained in section and section The materials to be tested
are then selected: they can be metallic materials, ceramic materials, protective coatings
or surface treatments. Once the DPI tests are carried, the data analysis evaluates the
key metrics parameters. Die resistance is evaluated through visual inspection of the
surface, using thermal images and 3D topography with confocal microscope technique.
The acceptable surface degradations during the test is monitored through control charts
of first order surface roughness parameter. If the selected surface roughness parameter,
normalised with the initial surface roughness, increase for more than 3¢ (where o is
the standard deviation of the measured roughness parameter value for each test run),
then the surface degradation is considered as unacceptable. The wear mechanisms are
assessed employing second order surface roughness parameters, such as Vmp and Voo,
and chemical interaction analysis with SEM and EDX techniques. Friction studies are
carried as COF comparisons with benchmarks.

The results obtained in the previous chapters have been useful for the formulation
of the guidelines illustrated in the test protocol in figure [8.6] Furthermore, the results
obtained have been crucial for the determination of the Ceradyne ThermoSil® 220
surface wear properties under SPF condition. These data are employed to generate a

comparative baseline for all the tested material so far and in the future.

8.7 Summary

Several wear mechanisms occur on the die surface during the SPF process, which
are competitive, such as gain or loss of material. The DPI test have been employed
to identify these wear mechanisms under SPF conditions and the outcomes can be

summarised as follows:
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e Uncoated ceramic CT degrades under high-pressure, while uncoated ceramic HC is
not able to stand shearing on the surface, thus ceramic CT has been selected as the
SPF die candidate for the study on protective coatings. Such protective coatings

should enhance the ceramic CT properties under high-pressure conditions.

e Petalite coating, in the form of PET-B, shows interesting results such as the inter-
mix layer with the ceramic substrate and moderate wear, thus further investigation

on different release agents is recommended.

e Coatings F-40 and JK-N8 suffer softening under SPF conditions, interacting with
the titanium parts and damaging the ceramic die. These materials are not suitable

as protective coatings.

e Coating F-50 does not shows good protective performance, but SEM images sug-
gest that further work aimed to increase adhesion of the coating to the substrate

could lend to a successful coating.

In addition, a test protocol has been presented in this chapter, to address future

studies on SPF die wear assessment.
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Chapter 9

Conclusion

This chapter concludes this work, focusing on the potential of the DPI test to answer

the research questions. In addition, recommendations for further work are given.

Superplastic forming (SPF) is a metal sheet manufacturing process that employs
the exceptional ductility of superplastic materials. This research work focused on ce-
ramic die materials for high-temperature SPF, and in particular on the surface wear of
ceramic die and coatings. The literature review revealed a shortage of knowledge on
the ceramic materials wear mechanisms involved during the SPF process of titanium
alloys. This knowledge gap is due to the cost related to test ceramic materials into SPF
manufacturing presses and to the shortage of laboratory tests that are able to simulate
SPF surfaces interactions.

This aspect is crucial for the development and improvement of SPF technology,
thus the main research question of this work focuses on a laboratory test assessment of
ceramic die surface wear.

The research contribution lies on the development of a test protocol that enables the
assessment, of surface wear of ceramic materials under SPF conditions. Researcher at
the Advanced Forming Research Centre have previously developed a Die-Part Interface
(DPI) test rig capable of simulating SPF conditions at a laboratory scale. The author
contribution focuses on the methodology employed in the DPI rig to select testing
parameters depending on the SPF forming process to be simulated (geometry of the
die, SPF pressure cycle, strain rate, etc.). In addition, the author proposed a guideline
for the interpretation of the roughness parameters data, combined with SEM analysis
and friction data, to explain the wear mechanisms involved at the working surface during
the experiment. The coating selection have been discussed as well; the author proposed
four coating materials in order to gather data on different materials behaviour under
SPF conditions employing the DPI test.

The DPI test discussed in this work is an experimental method for assessing wear of
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ceramic surface under SPF conditions, and it comprises two experimental configurations
(static and dynamic) to simulate the different die-part interactions occurring during
the SPF process. The test recreates wear conditions on the die surface and analysis
of both ceramic die and titanium parts gives information on surface wear mechanisms
involved. The key metrics that the DPI test protocol evaluates are: the die resistance to
thermal cycles and surface degradation, the titanium scale accumulation, the chemical
interaction and friction between die and part.

In this thesis three separate studies have been reported where the DPI test has
been employed in order to validate its effectiveness. In chapter [f| two uncoated ceramic
materials, Ceradyne ThermoSil® 220 (ceramic CT) and Horizon Chrome infiltrated
(ceramic HC), have undergone the DPI test. The DPI test revealed that Ceradyne
material degrades under high-pressure conditions, but it shows better resistance during
shear of titanium parts on the ceramic surface. The DPI test helped the author to
select the ceramic material substrate for protective coating studies, which are discussed
in chapter [6] and [7}

The protective coatings studies show that the DPI test can evaluate wear of several
different coating materials, assessing their performance under SPF conditions. Chap-
ter [6] shows the employment of the DPI test to optimise coating deposition parameters
when the optimal deposition variables are unknown. The DPI test compared two differ-
ent depositions of the same coating material in order to obtain a performant protective
coating under SPF conditions.

In addition, the DPI test has been employed to assess the performance under SPF
conditions of four different coating materials (PET-B, F-50, JK-N8 and F-40) in chap-
ter The DPI test reveals that the uncoated Ceradyne has better response under
SPF conditions than the coated Ceradyne samples. The surface roughness evaluation
of each formed titanium part is one of the key metrics evaluated to assess wear of sur-
faces. This data is helpful to characterise the wear mechanisms that take place during
wear under SPF conditions, which are summarised in table of Chapter [§| for each
tested material and condition. Furthermore, SEM analysis reveals chemical interactions
at the interfaces substrate-coating and coating-titanium part. These data are crucial
for the understanding of wear-resistant protective coatings, and they are taken into

consideration for the recommendations of future research work.

9.1 Recommendations for future work

The DPI test is a powerful tool for the assessment of SPF ceramic die surface wear,
but due to the complexity of the manufacturing process it is trying to simulate, there

are some intrinsic limitations. The SPF process is characterised by the superplastic
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stretching of a metal sheet, which slides on the die surface. Due to technological limita-
tions, the DPI test simulates this effect with sliding imposed by torque of the titanium
sample on the ceramic surface neglecting the plastic deformation of the metal sheet.
The superplastic stretching of the titanium sample generates new (non-oxidised) sur-
faces which are then exposed to the die surface. Neglecting the superplastic stretching
result in an underestimation of the chemical interaction and COF underestimation be-
tween die and part during the DPI test. In addition, chemical interaction inspection
could be improved with other characterisation techniques, such as Raman and infra-red
spectroscopy, that could give additional information regarding the state of oxidation of
the elements identified with EDX maps.

Although these limitation factors, the developed DPI test enables a great number of
research activities for the future, such as systematic studies on wear assessment under

SPF conditions of:

e A detailed study on the effect of oxygen released by the ceramic die porosities on

SPF formed parts;

The effect of oxygen barrier coatings on SPF formed parts;

Further protective coatings for ceramic die materials;

The use of release agent different from boron nitride for ceramic and metallic dies;

Other metallic die materials; and

e Enamels and coatings for metallic die materials.

The author would suggest evaluating coating PET-B performance through the DPI
test employing different release agents to boron nitride, or even to test the coating
without the use of any release agent on the titanium samples.

Furthermore, effort should be spent to improve the adhesion properties of coating F-
40 on Ceradyne ThermoSil® 220 substrate, evaluating other firing procedures or the
use of a slip layer between the substrate and coating to decrease the thermal expansion

coefficient mismatch between coating and substrate materials.
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Appendix A

Coating materials

In this appendix are described the coating materials that have been employed in
different applications to SPF and could be of interest for SPF ceramic dies. A desirable
protective coating should be able to protect the ceramic surface from wear during the
SPF process, enhancing the die life. A review of potential coatings has been conducted
in order to identify interesting coating materials and to assess their performance under
SPF conditions with the DPI test.

A suitable surface treatment can introduce important benefits to the working sur-
face of ceramic dies, protecting the die-part interface from wear, and preventing the
formation of cracks [38] [7, [32]. The appendix is divided into three sections, following
the rationale of the coating investigation. A first category of identified coating mate-
rials regards these employed for ceramic dies in applications similar to SPF. A second
category of identified coating materials focuses on these with low or adjustable thermal
expansion, thus they can fit the low CTE of ceramic dies. A third category focuses
on anti-oxidation barrier coatings employed on titanium alloys. This last category of
coating materials should give an indication of materials with low chemical interaction

with titanium alloys.

A.1 Coating materials for ceramic dies employed in similar

applications

The Boeing Company, in 2005, patented a durable die liner employed for protection
purposes of ceramic forming dies [I18]. The proposed liner is a thick coating (2.0 to 3.2
mm) composed of a more durable material than the ceramic die body, thus increasing the
die lifetime. The patent proposes an invention for the fabrication of composite materials
in hot press, without limiting the scope of the invention to further applications. The
patent suggest to deposit the liner during the casting of the die body. In addition, some

liner solutions have been proposed such as:
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e A slip casted Silicon-Nickel system; and

e An aluminosilicate matrix reinforced by silicon carbide fibres.

The patent does not mention the application of this invention for SPF ceramic dies,
but if the ceramic composite can sustain the SPF process temperature, this solution

can be integrated as a protective coating.

A.1.1 Rare earth alumino-silicates glasses

Rare earth oxides, or yttria, can be added to common ceramic glass systems in
order to obtain hight-temperature resistant materials. Those glasses are interesting
as they show glass transformation temperature above 850°C [119]. Furthermore, rare-
earth aluminosilicate glasses show high hardness and elastic moduli, chemical durability
at high temperature and moderate thermal expansion, and for these reasons they have
been employed [120] and patented [121]) as thermal barrier coatings in high temperature
environments. The limited interest to use these coatings in SPF applications can be

explained by the high cost of rare earth oxides.

A.2 Coatings and materials that fulfil thermal expansion

requirements

A systematic review has been conducted on protective coating materials employed in
similar applications to SPF. Data were collected if one or more of the following criteria
were fulfilled:

e The use of coatings for titanium and titanium alloys at high temperatures;
e The use of ceramic and ceramic-glass coatings at high temperatures; and

e The use of ceramic and ceramic-glass coatings on ceramic substrates.

A.2.1 Adjustable thermal expansion materials

The relationship between the CTE and the volume fraction of titania (7902) into
zirconia (ZrQO2) matrix has been investigated by Jiang and Zhang [122] 2], in order to
obtain a compound with linear CTE close to that of Ti-6Al-4V (8.92 x 1076°C~1) at
930°C). In Table the single components CTE are summarised. The study focuses
on the manufacture of a ceramic die for SPF application where the CTE mismatch
between the die and the Ti-6Al-4V was minimized.

According to Velay, et al. [123], the unloading step is critical for the prevention of

crack generation on the working surface, since most of the die stress is concentrated
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Table (A.1) CTE of zirconia, titania and Titanium alloy (Ti-6Al-4V)

Density CTE
(gem™ (x1076°C~1)

ZrO2 5.75 9.6
1702 4.20 8.2
Ti—6Al —4V 4.43 8.92

on the die surface during the part unloading. The amount of 7¢O mass fraction and
relative density has influence on the final CTE. Furthermore, the addition of Ti0O5 into
ZrQOs prevents any chemical interaction between the die and the titanium alloy, which
results in an easier unload of the formed part at the end of the process.

The investigation is related to bulk materials for ceramic dies in SPF, but the results
could be interesting as for transferring it on the design of a protective coating using a

similar composition.

A.2.2 Low thermal expansion ceramic-glasses

Low thermal expansion ceramics are scientifically and industrially useful materials,
and they are employed in thermal shock resistance applications, electronic devices, heat-
engine components and high-performing optical mirrors for space. Ceramic materials
can be successfully employed if they demonstrate dimensional integrity and microcrack-
ing resistance during thermal cycles. Microcracking occurs when the lattice, when it
expands due to high temperature, undergoes large anisotropic movement. Therefore, a
suitable ceramic should show either low bulk coefficient of thermal expansion and low
or no anisotropy in the lattice expansion. Ceramic materials can be divided into three

classes depending on the CTE value («):

e High expansion ceramics (o > 8 x 1076°C~1)
e Intermediate expansion ceramics (2 x 1079°C™1 < a < 8 x 1076°C~1)

e Low expansion ceramics (0 < a < 2 x 1076°C~1)

Materials with negative expansion can be included in the last category depending
on the absolute CTE value.

Low thermal expansion ceramic can be divide in four families:
1. Magnesium aluminosilicates (MAS) family;

2. Lithium aluminosilicates (LAS) family;
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3. NaZroP3012 (NZP) famuly;

4. Silica family.

A.2.2.1 MAS family

The MAS family is composed of the ternary system based on magnesia, alumina
and silica. As discussed in Section [2.4.1] cordierite is part of this family, and the
crystal structure of 2M gO — 2Al303 — 55709 consists of an open framework structure.
As discussed previously, cordierite exists in one metastable form and two polymorphic
forms depending on the temperature. Cordierite composition modification (adding iron,
manganese, gallium and germanium) has been studied [124], [125] to determine the CTE

dependency.

A.2.2.2 LAS family

The ternary system composed of lithia, alumina and silica LiOy — AloO3 — Si0O2 was
investigated for the first time, in terms of low thermal expansion properties, in 1951
[126]. Hummel discovered ultralow thermal expansion polymorphs of the LAS system
such as S-spodumene (LiAlSi20g), B-eucryptite (LiAlSiOy), and their solid solutions.
The LAS system shows two negative thermal expansion areas, and useful compositions
that has nearly zero thermal expansion [127]. Some of the commercialised glasses that

are from the LAS family are Zerodur, Pyroceram and Cer-Vit.

A.2.2.3 NZP family

In 1980s the NaZreP3012 thermal properties were discovered and a new family of
low thermal expansion materials discovered and named NZP [128]. The NZP family is
characterised by low CTE and superionic conductivity, which makes this material a good
candidate for storing radioactive waste. NZP properties are attributed to the unique
crystal structure, where there are holes completely or partially occupied by sodium or
another substituent ion. The structure shows high flexibility in the substitutions of ions
in the lattice, leading to numerous possible compositions with tailored o [129]. NPZ
materials are being used or tested on applications such as port-liners for diesel engines,
optical benches, braze fixtures for aircraft engine repair, high temperature nozzles and

in the heating industry.

A.2.2.4 Silica family

Silica and silicate glasses are widely used as shock-resistant materials, due to their
low CTE. The order of silica molecules in the solid state determines mechanical, chem-

ical and thermal properties of the bulk material. Silica glass has the same material
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composition of quartz, but a different crystal order, where quartz is the ordered struc-
ture of silica tetrahedron, while in the glass structure the order is missing. The low CTE
of silica glass, in conjunction with other properties of glass such us chemical inertness
and non-porous nature, etc., made it an attractive material for ceramists. Silica glass
with addition of BsOs is known as Pyrez. SiOs — Ti0O2 glass system, commercially
know as ULE Titanium Silicate (Code 7971), exhibits almost zero CTE over a wide

range of temperature.

A.3 Anti-oxidation barrier coatings

Titanium alloys, such as Ti-6Al-4V, are employed for medical applications, in par-
ticular for dental prostheses where titanium is cast into a mould to obtain the desired
shape of the part [33]. Investment casting of Ti-6Al-4V cannot use traditional moulds,
because of its high reactivity, even in an inert gas atmosphere. The high reactivity of
titanium alloy, particularly with oxygen, causes the generation of the so called a-case
at the surface of the final manufactured part. The a-case is an oxygen-rich layer that
shows several drawbacks, such as enhanced hardness and brittleness, reduced ductility
and fatigue resistance [5].

Several methods have been evaluated to minimise the interaction between the mould
and the melted metal, in order to avoid the formation of the a-case. One proposed
solution is to employ barrier coating on the wax pattern. Different coating solutions have
been investigated as a barrier layer that is thermodynamically stable when in contact
with the melted Ti-6A1-4V. Yttrium oxide (Y203) showed good stability, compared with
uncoated wax pattern [130]. Further investigations show that other refractory oxides
have good stability with the melted metal, such as ZrO; [I31], ZrOs — AloO3 systems
[132], and spinel-type oxides (MgO — Al2Os3)[133].

Investment casting is a completely different process to SPF. However, the protective
coatings employed in the wax pattern could be interesting for the application into SPF

ceramic dies.

A.4 Summary

This appendix discusses coating materials that have been employed in different
application to SPF that can be of interest for future protective coating studies. The

identified coating materials are divided into three categories, as follows:

e Coating materials for ceramic dies employed in application different from SPF;

e Coating materials that fulfil thermal expansion requirements; and
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e Anti-oxidation barrier coatings
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Appendix B

Surface roughness data acquisition

and processing

The following appendix regards the confocal microscope data acquisition and data
processing carried out with the Alicona InfiniteFocus microscope and IF-MeasureSuite

v4.1 software.

B.1 Data acquisition

Surface topography has been acquired using a 5x magnification, 400 nm vertical
resolution and 55.99 pm lateral resolution. Brightness and contrast have been optimised

for each acquisition in order to avoid too dark or too bright areas.

B.2 Data processing

Once the data of the surface topography has been acquired, the following procedure

have been employed for data processing:

1. Selection of the coordinate system;
2. Form removal;
3. Roughness filter;

4. Roughness parameters extrapolation.

B.2.1 Selection of the coordinate system

The coordinate system zyz is imposed on the dataset with the following parameters:
e Method: a reference plane is used for adaptation of the coordinate system.
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e Selection: the whole dataset is used for adjustment of the coordinate system.
e Computation: robust. The robust method is not influenced by peaks/valleys and
will lead to a reference plane that is well fitted onto the even part of the dataset.
B.2.2 Form removal

A second order polynomial form is removed from the acquired dataset.

B.2.3 Roughness filter

A Roughness Gaussian filter (according to EN ISO 16610 [134]) is select in order
to eliminate low frequency components from the profile. As the analysed surfaces are

random surfaces, a synchronised x- and y-direction filter is selected.

B.2.4 Roughness parameters extrapolation

Roughness parameters are extrapolated, such as Sa that gives the average height of
selected area. See table for further details. In addition, the bearing area curve is
measured on the selected area in order to calculate 3D roughness parameters as Vmp

and Vow.
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Appendix C

Ferro coatings: technical

information

141



Appendix D

James Kent coating N8-JK:

technical information
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Appendix E

Coating deposition procedures

In this appendix are available the coating deposition procedures employed for the

DPI experiments in chapter [0 and chapter [7 which are:

e Petalite firing A, or PET-A

e Petalite firing B, or PET-B

e Ferro Corp. coating F-50

e James Kent Group coating JK-N§

e Ferro Corp. coating F-40

E.1 Deposition procedure of coating PET-A

The coating is deposited via dip-coating technique. A slurry made of 30% wt. petal-

ite in water have been prepared and then the following procedure have been employed:

1. Dip the ceramic sample into the slurry and keep it for 30 seconds;

2. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;
3. Leave the sample to dry in air for at least 24 hours.
4. Introduce the sample into a furnace at 1100°C and leave the sample for 60 minutes;

5. Move the sample into another furnace at 500°C and leave the sample for 120

minutes;

6. Turn off the furnace and let the sample inside to cool down.
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E.2 Deposition procedure of coating PET-B

The coating is deposited via dip-coating technique. A slurry made of 30% wt. petal-

ite in water have been prepared and then the following procedure have been employed:

1. Dip the ceramic sample into the slurry and keep it for 30 seconds;

2. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;
3. Leave the sample to dry in air for at least 24 hours.
4. Introduce the sample into a furnace at 1350°C and leave the sample for 10 minutes;

5. Move the sample into another furnace at 500°C and leave the sample for 120

minutes;

6. Turn off the furnace and let the sample inside to cool down.

E.3 Deposition procedure of coating F-50

The coating is deposited via dip-coating technique. A slurry made of 20-30% wt.

F-50 in water have been prepared and then the following procedure have been employed:

1. Dip the ceramic sample into the slurry and keep it for 30 seconds;

2. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;
3. Leave the sample to dry in air for at least 24 hours.
4. Introduce the sample into a furnace at 1200°C and leave the sample for 10 minutes;

5. Move the sample into another furnace at 500°C and leave the sample for 120

minutes;

6. Turn off the furnace and let the sample inside to cool down.

E.4 Deposition procedure of coating JK-N8

The coating is deposited via dip-coating technique. A slurry made of 30% wt. JK-N8

in water have been prepared and then the following procedure have been employed:

1. Dip the ceramic sample into the slurry and keep it for 30 seconds;
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2. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;
3. Leave the sample to dry in air for at least 24 hours.
4. Introduce the sample into a furnace at 1050°C and leave the sample for 10 minutes;

5. Move the sample into another furnace at 500°C and leave the sample for 120

minutes;

6. Turn off the furnace and let the sample inside to cool down.

E.5 Deposition procedure of coating F-40

The coating is deposited via dip-coating technique. A slurry made of 30% wt. F-40

in water have been prepared and then the following procedure have been employed:

1. Dip the ceramic sample into the slurry and keep it for 30 seconds;

2. Remove the ceramic sample from the slurry without turning it. Allow the excess of

slurry to drip from the ceramic surface for 30 seconds, and then turn the sample;
3. Leave the sample to dry in air for at least 24 hours.
4. Introduce the sample into a furnace at 1280°C and leave the sample for 10 minutes;

5. Move the sample into another furnace at 500°C and leave the sample for 120

minutes;

6. Turn off the furnace and let the sample inside to cool down.
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