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Abstract

The reduced activation ferritic martensitic steel EUROFER 97 is currently considered as a

reference material for the first wall and structural components of future fusion reactors. These

wall materials should be compatible with high neutron fluences to minimise the necessary

replacement of the in-vessel components and should be of a “low-activation” type. The only

drawback of this steel is that its use would limit the maximum operating temperature to

550 ◦C due to the loss of creep strength at higher temperatures. A possible approach to

solving this problem is the reinforcement of EUROFER 97 with long SiC fibres. This novel

composite may allow an increase of the operating temperature up to 750 ◦C, which is essential

for efficient energy production.

To obtain a matrix material, the fibres have to be coated with a thick EUROFER layer.

In addition, to provide acceptable mechanical properties of the composite, a good adhesion

between matrix and reinforcement is required. Therefore, a magnetron sputter device was

used to deposit a fine structured EUROFER coating as an interface layer. Subsequently, a

plasma arc with a high deposition rate was utilisied to produce a thick steel layer. To form

the final composite material the so prepared fibres will have to be consolidated by using hot

isostatic pressing.

The aim of this work was to develop a thermally stable interface between the SiC fibre

and the EUROFER matrix. Diffusion in metal matrix composites can lead to the formation

of undesirable compounds in the interface region between fibres and matrix, therefore an

appropriate diffusion barrier between the fibres and the steel is necessary. In the case of SiC -

EUROFER 97 the main problem was found to be C diffusion into the steel from the outer

fibre coating. Different metallic and ceramic interlayers were selected as a diffusion barrier to

suppress C diffusion into the matrix. To make an examination of the coatings with a number

of different analysis methods, planar samples instead of fibres were coated and then annealed

at different temperatures. Among the metallic interlayers tested in this work were Ti, Cr,

Re, W and a combination of Re and W interlayers. The best results on the suppression of

C diffusion were achieved through the application of a W interlayer and Re / W multilayer.

As for the ceramic interlayers, before the annealing tests the different deposition parameters

were varied to achieve the required stoichiometry and structure of the coating. The following

ceramic layers were investigated as diffusion barriers: TiC, TiN and Er2O3. The application

of an Er2O3 barrier showed the most promising result. The Er2O3 layer was not only stable

with respect to interaction with EUROFER but it also effectively suppressed any C diffusion.

Finally, one of the interlayers, namely W, was tested with fibres. No interdiffusion between

the fibre and W-EUROFER coatings was observed at the assumed working temperature of

the new composite material, 750 ◦C.
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Kurzfassung

Der niedrigaktivierende ferritisch-martensitische Stahl EUROFER 97 wird gegenwärtig

als Strukturmaterial für die erste Wand zukünftiger Fusionsreaktoren in Erwägung gezogen.

Dieser Stahl ist unter Neutronenbeschuss beständig, jedoch stellt die geringe Kriechfestigkeit

bei höheren Temperaturen und damit die Begrenzung der maximalen Einsatztemperatur auf

550 ◦C einen wesentlichen Nachteil dieses Stahls dar. Eine mögliche Lösung für dieses Prob-

lem ist die Verstärkung von EUROFER 97 mit SiC Langfasern. Dieser neuartige Verbund-

werkstoff könnte eine Erhöhung der Einsatztemperatur bis auf 750 ◦C, einer Temperatur für

effizientere Stromerzeugung, erlauben.

Für den Verbundwerkstoff müssen die Fasern mit einer dicken Schicht EUROFER 97 als

spätere Matrix beschichtet werden. Außerdem ist eine gute Haftung zwischen Matrix und

Fasern erforderlich, um die gewünschten mechanischen Eigenschaften des Komposits zu er-

reichen. Deshalb wurde mit Hilfe einer Magnetron-Sputteranlage in einem ersten Schritt eine

fein strukturierte EUROFER 97 Schicht als Zwischenschicht auf den Fasern abgeschieden. In

einem zweiten Schritt wurde durch Plasma-Lichtbogenverdampfung mit hoher Abscheiderate

eine dicke Stahlschicht als Matrix aufgebracht. Als letzter Schritt zur Synthese eines Verbund-

werkstoffs folgt das heiß-isostatische Verpressen der beschichteten Einzelfasern.

Ziel dieser Arbeit ist die Entwicklung einer thermisch stabilen Grenzfläche zwischen SiC

Fasern und EUROFER 97 Matrix. Diffusion in einem Metallmatrix Verbundwerkstoff kann

zur Bildung unerwünschter Verbindungen an der Faser-Matrix Grenzfläche führen. Deshalb

muss eine geeignete Diffusionsbarriere zwischen Faser und Stahl gefunden werden. Das Haupt-

problem im Verbundwerkstoff SiC-EUROFER 97 ist die C Diffusion von der äußeren Faser-

schicht in die Stahlmatrix. Es wurden verschiedene metallische und keramische Zwischen-

schichten als Diffusionsbarriere ausgewählt, um die C Diffusion in die Matrix zu unterdrücken.

Eine Vielzahl zur Verfügung stehender Analysemethoden zur Charakterisierung der Zwischen-

schichten erforderte ebene Substrate, die anstatt der Fasern beschichtet und bei verschiedenen

Temperaturen wärmebehandelt wurden. Die besten Ergebnisse zur Unterdrückung der C Dif-

fusion bei den metallischen Zwischenschichten, die in dieser Arbeit getestet wurden (Ti, Cr,

Re, W), erreichten die W Schichten und die Re / W-Mehrschichtsysteme. Bei den keramischen

Zwischenschichten wurden die verschiedenen Abscheideparameter variiert, um die geforderte

Stöchiometrie und Struktur der Schichten zu erreichen. Folgende keramische Schichten wur-

den als Diffusionsbarriere untersucht: TiC, TiN und Er2O3. Die Verwendung von Er2O3
zeigte nach der Wärmebehandlung viel versprechende Ergebnisse. Die Er2O3 Schicht ist nicht

nur chemisch stabil im Hinblick auf mögliche Reaktionen mit EUROFER 97, sondern sie

unterdrückt auch jegliche C Diffusion.

Abschließend wurde eine W Zwischenschicht auf SiC Fasern getestet. Bei der für das neue

Kompositmaterial angestrebten Einsatztemperatur von 750 ◦C wurde keine Diffusion zwischen

Faser und W-EUROFER 97 beobachtet.
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1 Introduction

Energy generating systems based on nuclear fusion have the potential to provide a CO2
emission-free, sustainable, safe and clean energy option for the future. Considerable effort

is being expended worldwide to develop fusion as a long-term energy source. The most

favourable fusion reaction occurs between the hydrogen isotopes D and T:
2D1+ 3T1 −→ 4He2 (3.5MeV)+ 1n0 (14.1MeV)

and releases 17.6MeV of energy. The fuel changes from a gas to plasma at the temperatures,

as high as 100 million ◦C required for the D-T fusion reaction to occur. The hot plasma has

to be magnetically confined within a vacuum vessel to isolate it from the vessel walls. Very

promising magnetic confinement systems are of a toroidal type, and the most advanced of

these systems is a tokamak reactor [1,2]. The deuterium fuel is abundant and can be readily

extracted from seawater. T does not occur naturally but sufficient quantities to fuel a fusion

reactor may be bred from Li in a blanket surrounding the vacuum vessel via the following

reactions [3]:
6Li3+ 1n0 −→ 3T1+ 4He2 + 4.8MeV
7Li3+ 1n0 −→ 3T1+ 4He2+ 1n0 − 2.5MeV

A schematic view of a fusion power station based on the tokamak configuration is given

in Fig. 1.1 [4].

Figure 1.1: Schematic diagram of a tokamak fusion power station [4]

In the plasma, 80% of the energy produced by the D-T reactions is in the form of en-

ergetic neutrons, which escape the plasma across the magnetic field and are then trapped

in a surrounding blanket that contains Li. Plasma in the reactor core is self-heated by α-
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particles (4He2), which possess the remaining 20% of the energy produced. In the blanket,

neutrons react with Li to produce T and He, and, as they slow down, their kinetic energy

is converted into heat. Heat is extracted to raise steam to drive conventional turbines for

electricity generation.

The long-term development towards a demonstration fusion power plant (DEMO) aims

for structural materials which can withstand high heat fluxes and coolant pressure conditions

at temperatures attractive for efficient thermodynamic energy production [5]. In addition,

these materials have to be compatible with high neutron fluences (10 − 15MWym−2 in a

power reactor) to minimise the necessary replacement of the in-vessel components and be of a

“low-activation” type. It is assumed that the main specifications of DEMO will be as follows:

fusion power of 2.5 − 5.0GW with a net electrical output of 1.5GW; neutron wall loading

of 2.0 − 2.4MWm−2; surface heat flux on the first wall up to 0.5MWm−2; Plasma Facing

Component (PFC ) operational temperature in the range of 550− 700 ◦C [6,7].

1.1 Structural materials for a fusion reactor

Materials in the first wall and blanket regions of a fusion reactor are in contact through

the coolant, the breeding media and the mechanical structure. The blanket communicates

with other parts of the plant through the coolant and the T recovery systems. Thus, it is

not reasonable to select a breeder, coolant or structural material without consideration of the

entire system. Numerous factors have to be taken into account when selecting the structural

materials [8,9], including:

• material availability, cost, fabricability, joining technology

• mechanical and thermo-physical properties

• radiation effects (degradation of properties)

• chemical compatibility and corrosion issues

• safety and waste disposal aspects (decay heat, etc.)

• nuclear properties (impact on tritium breeding ratio, solute burn-up, etc.)

Neutrons produce two forms of damage which can significantly alter the properties of

structural materials: (1) kinetic energy is transferred from the neutrons to the atomic lattice

and leads to displacement damage in the form of vacant lattice sites (vacancies) and atoms in

interstitial positions (interstitials); (2) nuclear reactions result in transmutations that alter the

composition. When subjected to neutron irradiation, materials tend to change their mechani-

cal properties thus revealing hardening, loss of ductility, loss of fracture toughness, and loss of

creep strength. The microstructure of irradiated materials results from interactions between

the various irradiation-induced defects: small defect clusters, dislocation loops, precipitates,

voids, and He bubbles. Additionally, the materials become radioactive. Due to the important
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requirement that the long-term induced radioactivity of fusion reactor components be of a

low level, strong emphasis has been placed within the past 10− 15 years on the development
of candidate materials which have a chemical composition based on low activation chemical

elements: Fe, Cr, V, Ti, Si, C, W, and Ta. The main candidate structural materials are Re-

duced Activation Ferritic Martensitic (RAFM ) steels, Oxide Dispersion Strengthened (ODS)

RAFM steels, V based alloys, and SiC / SiC-composites [7]. They all reveal reasonably good

thermo-physical and mechanical properties, low sensitivity to radiation-induced swelling and

helium embrittlement under fission neutron irradiation together with good compatibility with

the majority of cooling and breeding materials [10,11].

V alloys based on V-Cr-Ti possess a favourable combination of thermo-physical proper-

ties, high creep strength and the lowest long-term activation. A major drawback of V alloys

however is their high solubility and permeability of T and the high solubility of the interstitial

elements O, N and C in V, which can lead to catastrophic embrittlement. SiC / SiC composite

materials have potentially high pay-offs in terms of very low radioactivity and short to inter-

mediate heat decay times as well as offering high operation temperatures in breeding blanket

components due to high temperature strength. However, the very limited technology base

for production, joining and insufficient hermetic sealing capacity is a serious disadvantage of

SiC / SiC composites.

Martensitic steels containing 9−12 wt.% of Cr with about 1 wt.% of Mo, 0.1−0.2 wt.% of
C and combinations of small amounts of V, W, Nb, etc. (MANET1, MANET2, HT9) have the

strength, including elevated temperature strength, and thermal properties (conductivity and

expansion coefficient) that result in excellent resistance to thermal stresses [12]. They have

successfully been used at temperatures up to 600 ◦C in the power-generation and chemical

industries [1]. It is recalled that RAFM steels are alloys whose main compositions are derived

from the conventionally modified 9Cr - 1Mo steel where the high activation elements, such

as Mo and Nb, are replaced by their equivalent low activation elements (e.g. W, V and

Ta) [13]. The presence of high activation residual elements is also kept as low as possible.

The selection and development of ferritic martensitic 9 − 12 wt.% Cr steels with reduced

activation for nuclear fusion is based on the excellent experience collected on commercial

9− 12 wt.% Cr steels. RAFM steels are planned to be used in the EU Test Blanket Modules

and be tested in International Tokamak Experimental Reactor (ITER) for validation of the

DEMO blanket concept.

1.1.1 EUROFER 97

EUROFER 97 is an industrial batch of 9% CrWVTa reduced activation ferritic marten-

sitic steel specified in 1997 and produced by Böhler, Austria, with the presently available steel

manufacturing technology developed in 1999. In Table 1.1 the composition of EUROFER 97

is presented together with Japanese RAFM steel F82H [14].

For EUROFER 97 the contents of Cr, Ta, W were specified carefully based on experience

with precursor RAFM -alloys of OPTIFER type. A minimum of the ductile to brittle tran-
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Elements EUROFER 97 steel [wt.%] F82H steel [wt.%]
C 0.09− 0.12 [0.11] 0.09
Cr 8.5− 9.5 [9.0] 7.7
W 1.0− 1.2 [1.1] 1.94
V 0.15− 0.25 0.16
Ta 0.06− 0.09 0.02
Mn 0.20− 0.60 [0.40] 0.16
Si < 500 ppm 1100 ppm
Ni < 50 ppm 200 ppm
Cu < 50 ppm 100 ppm
Co < 50 ppm 50 ppm
Mo < 50 ppm 30 ppm
Al < 100 ppm 30 ppm
Nb < 10 ppm 1 ppm

Table 1.1: Specified chemical compositions of EUROFER 97 and F82H steels

sition temperature (DBTT) corresponds to a Cr content of 9 wt.%, and in order to achieve

a better corrosion resistance 9 wt.% Cr has been chosen [14]. Ta stabilises the grain size by

carbide formation and improves DBTT and strength. About 1 wt.% of W represents a good

compromise regarding low activation, DBTT, tensile strength, ductility and creep strength.

The effect of undesired impurities is shown in Fig. 1.2, where the surface gamma dose rate

is the ordinate and the time after irradiation is the abscissa. Steels like EUROFER 97 and

F82H reach the remote recycling level in about 100 y and can be stored as low level waste.

Figure 1.2: Calculated γ-surface dose rate of pure Fe and RAFM steels after irradiation in a

first wall DEMO spectrum (12.5MWym−2) [14].
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The difference between these two alloys (hatched area) is due to lower Nb content in F82H

(1 ppm) compared with 10 ppm for EUROFER 97.

EUROFER 97 possesses a martensite structure, which is a supersaturated solid solution of

C trapped in a body-centered tetragonal (bct) structure. The displacive transformation from

face-centered cubic (fcc) lattice is initiated by quenching from austenitizing temperature to

ambient temperature. The steel is then subsequently tempered to obtain a good combination

of strength, ductility, and toughness. The axial ratio of lattice constants c/a increases with C

content to a maximum of 1.08, thus for a steel containing 0.1 wt.% of C, the lattice constants

are a = 0.286 nm and c = 0.287 nm and the ratio is 1.003 [15]. The undesirable formation

of δ-ferrite in martensite can be avoided by addition of the austenite-forming elements, such

as C, V, Nb, Ta, Ti or Al, to a steel composition [1]. In the case of EUROFER 97 Ta and V

have been used. The initial treatment of EUROFER produces a fully martensitic structure

without δ-ferrite with lath-shaped martensite subgrains [16]. It reveals a fine structure with

a prior austenite grain size in the range of 10−11.5μm (see Fig. 1.3a). Treatment of the steel
in the normalized (980 ◦C / 27min) plus tempered (760 ◦C / 90min / air cooled) conditions

is made to produce a more uniform prior austenite grain size and martensite lath structure

and homogeneity in properties after tempering. The tempering treatment produces large

amounts of carbide precipitation, distributed preferentially along grain and lath boundaries

but precipitates appear also in the bulk of the martensite lathes (see Fig. 1.3b). Two types of

carbides have been observed in EUROFER 97, namely Cr rich precipitates and Ta / V rich

precipitates, identified as M23C6 type and (Ta,V)C type, respectively [16].

Figure 1.3: a) SEM micrograph of EUROFER 97 as-received state, b) TEM micrographs of

an M23C6 precipitate [16]

The metallurgical properties (microstructural and mechanical) and the microchemistry

at grain boundaries of the EUROFER 97 steel after simulated service conditions by aging

treatment in the range of temperatures from 400 to 600 ◦C up to 10, 000 h were thoroughly

investigated [17]. It was found that after the aging treatments at 500 and 600 ◦C for 10, 000 h

the equiaxed grains and subgrain structure had replaced the martensite laths. The grain

boundary microchemistry observed in the steel in the as-received condition and after the
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aging consisted of Cr enrichment and Fe depletion. The values of ultimate tensile strength and

0.2% proof stress revealed similar values for each temperature regardless of aging condition.

1.1.2 ODS-steel

A serious disadvantage of RAFM alloys is the reduction of creep strength at temperatures

above 550 ◦C and this has been overcome by the development of ODS variants of these steels.

These ODS materials allow an increase in the operating temperature by about 100 ◦C [18].

As the first step in the RAFM ODS steel development, EUROFER 97 has been chosen as a

base material and Y2O3 particles as dispersed particles because the addition of yttria does

not impair the long-term activation property. Two variants with Y2O3 contents of 0.3 and

0.5 wt.% have been produced by experienced industrial manufacturers. The Hot Isostatic

Pressing (HIP) process has been applied at 1050 ◦C as an appropriate consolidation process

for the ODS steel production. HIP process (or hipping) is regarded to as the most promising

production route for nearly end-shaped structures for future fusion reactors.

The grain size of the hipped material lies in the range of 2 to 8μm. The boundaries of

these grains are decorated with Cr-rich precipitates of M23C6 type, while the matrix structure

is ferritic in contrast to the basic EUROFER 97 steel [18]. In the case of 0.5 wt.% of Y2O3,

the carbides at the grain boundaries with sizes up to about 1μm are larger than in the case

of 0.3 wt.% of Y2O3, where they attain about 0.2μm maximum. The Y2O3 particles are

heterogeneously distributed with regions free of them and appear in the material in either

groups of about 20 − 40 nm round particles or groups of 1 − 5 nm round particles [19]. The

crystallographic lattice of the metal matrix corresponds to α-Fe with a body-centered cubic

(bcc) structure and a lattice constant a0 = 0.287 nm, while the Y2O3 particles embedded in

the alloy have a crystalline bcc structure with a 1.06 nm lattice constant [20]. Additionally,

there is a strong orientation correlation observed between the structure of the particles and

the FeCr matrix. The microstructure of ODS steel is described as an alloy with a spatially

homogeneous distribution of the particles as well as the composition. Different microstructures

can in principle appear due to the applied HIP process.

The first results on hipped EUROFER ODS variants are quite encouraging with respect

to tension and creep [7]. The creep tests have been conducted at temperatures between 600

and 700 ◦C in air reaching rupture times up to 5000 h. The results are given in the form of a

Larson—Miller plot in Fig. 1.4 and are comparing to those of EUROFER 97 and F82H mod.

ODS EUROFER steels containing 0.3 and 0.5 wt.% of Y2O3 show a substantially higher creep

strength than the two non-reinforced RAFM steels [18]. Thus, an applied stress of 100MPa

would lead at 650 ◦C to a rupture time of 50, 000 h compared to 500 h for EUROFER (see

Fig. 1.4).

The ODS steel containing 0.3 wt.% of Y2O3 has superior tensile resistance and similar,

if not better, uniform elongation behaviour than the base material, while in the case of

0.5 wt.% of Y2O3 the material shows weak mechanical properties. The microstructure of the

latter cannot sustain stresses even to the level of the base material.
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Figure 1.4: Creep properties of EUROFER compared to ODS EUROFER [7]

This fact is related to the presence of porosity and large carbides [19].

1.2 Objectives

An alternative approach to using ODS EUROFER to solve the problem of the limited

operating temperature is material reinforcement with SiC fibres, resulting in a new composite

material SiC - EUROFER 97. Firstly, silicon carbide fibres do not worsen the radiological

behaviour of EUROFER 97 since SiC itself is a low activation material. Secondly, this rein-

forcement can significantly improve the mechanical properties over a wide temperature range.

This approach is supported by the results of [21] where the thermo-mechanical properties of

this composite material have been calculated for the case of an unidirectional fibre array as-

suming a perfect interface. The results of the calculations indicate that yield stress, ultimate

tensile strength and creep resistance can be effectively increased by reinforcement of EURO-

FER with long SiC fibres. Therefore the reinforcement of the steel with the long SiC fibres

should allow an increase in the operation temperature of the composite to about 750 ◦C.

The composite material SiC - EUROFER 97 is proposed to be manufactured in three steps.

During the initial stage of composite processing the SiC fibres are coated by magnetron sput-

tering resulting in a fine-structured steel interface layer on the fibre’s surface. Subsequently,

a thick EUROFER matrix layer is formed by arc deposition. To form the final composite

material the so prepared fibres will have to be consolidated by using HIP at 1000 ◦C and

100MPa.

However, interface reactions between the EUROFER 97 matrix and reinforcing SiC fibres

can lead to structural instability and thereby degradation of the mechanical properties of the

composite. To prevent, or at least reduce, undesirable interactions, it is necessary to apply an

effective diffusion barrier in the form of a fibre coating which has to be uniform in thickness
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and free of pores. Therefore, an interlayer is proposed to be deposited between the fibre and

matrix material utilizing the magnetron sputtering technique, since this provides a fine layer

structure without porosity.

The selection of an appropriate diffusion barrier relies on the detailed knowledge of the

reactions taking place at the interface region EUROFER 97 / SiC. In particular, the interdif-

fusion and phase formation between elements in the SiC fibres and in the EUROFER 97 are

the most important processes to consider in the choice of a diffusion barrier.

In the present research, the interactions at three different interfaces are investigated:

• Interaction between C and the interlayer at the interface between the outer coating

of the SiC fibre and the interlayer. The SiC fibres are of the SCS6 type produced by

Specialty Materials.

• Interaction between SiC and the interlayer at the interface between the outer coating
of the SiC fibre and the interlayer.

• Interaction between EUROFER (mainly Fe) and the interlayer at the interface between
the interlayer and EUROFER matrix.

A schematic view of these systems is shown in Fig. 1.5. The outer coating of SiC fibres is

SiC doped C (see more details on fibre structure in subsection 3.1.1).

Figure 1.5: Schematic view of system SiC / EUROFER 97 with and without interlayer

To investigate the diffusion processes between the fibre and matrix as well as the effec-

tiveness of the application of an interlayer as a diffusion barrier, the samples are annealed at

temperatures 400− 1000 ◦C and compared with the pristine ones using a number of analysis
techniques. The temperature range is selected based on the suggested operating temperature

of the composite to be of 750 ◦C and the HIP temperature of 1000 ◦C. To get the complete

picture about the processes which take place at the interface between the fibre and matrix

caused by the annealing, the surface structure, crystalline structure and the composition of

the interface layer have to be investigated. For this purpose the following techniques are used:

• Scanning Electron Microscopy (SEM ) and X-ray Energy Dispersive analysis (EDX )
allow the analysing of the condition of the interface layer surface and its composition,

as well as the composition of the individual formations
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• X-Ray Diffraction analysis (XRD) gives an indication about the crystalline structure of
the interface layer

• Optical Emission Spectroscopy (OES) gives the composition of the investigated layer
with the exception of gas elements

• Ion Beam Analysis (IBA) allows the investigation of the concentration depth profile of

the layer for all elements and, by using a diffusion code, an estimation of the rate of the

diffusion processes.

The collection of the data obtained by these analyses makes it possible to estimate the

condition of the interface layer before and after annealing. For OES, XRD, and IBA it is

necessary to use planar samples. Therefore, to simplify examination of the coatings using the

available analysis methods, planar samples of pyrolytic graphite, SiC, and glass are investi-

gated.

Different materials are chosen as diffusion barriers for suppressing the C diffusion which

can be divided in two groups: Metal (Me) interlayers (Ti, Cr, W, Re, and Re / W multilayer

system) and ceramic interlayers (TiC, TiN, ZrO2, and Er2O3). In Tables 1.2 and 1.3, a brief

description of the reasons for each selection is given.

Me interlayers
Ti SiC fibres initially specified for application with Ti
Cr Medium diffusivity of Fe and low diffusivity of C
W Low diffusivities of C and Fe and low self-diffusion
Re Low solubility of C

Re / W Suppression of C diffusion at T ≤ 1600 ◦C
Table 1.2: Reasons for selection of metal interlayers as a diffusion barreir

Ceramic interlayers
TiC Low diffusivity of C and stable with respect to Fe
TiN Suppression of C diffusion at T ≤ 950 ◦C
ZrO2 α-ZrO2 stable up to 1200 ◦C
Er2O3 stable up to 2000 ◦C

Table 1.3: Reasons for selection of ceramic interlayers as a diffusion barreir

Based on the results of analyses, the performance of each interlayer and, hence, their

applicability as a diffusion barrier is valued according to the following criteria:

• how strong the interlayer components interdiffuse with the EUROFER layer

• how effectively the interlayer suppresses the C diffusion into EUROFER

• does the decomposition of SiC occur with the application of the interlayer

• whether delamination of the layers is observed after annealing.
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2 Literature Review

Fibre composite technology is based on taking advantages of high strength and high

stiffness of fibres, which are combined with matrix materials [22]. In composites, both the

fibres and the matrix retain their original physical and chemical identities yet together they

produce a combination of mechanical properties that cannot be achieved with either of the

constituents alone due to the presence of an interface between these two constituents. The

chemical, physical and mechanical properties of the interface are different from those of both

the bulk fibre and the matrix, and since the interface is responsible for the load transfer

between them it plays a substantial role. A thorough knowledge of the microstructure of the

interface region, or rather understanding the mechanisms of adhesion, is an essential key to the

successful design and proper use of composite materials. However, one of the mechanisms of

adhesion, namely diffusion in Metal Matrix Composite (MMC), may not always be beneficial

because of the formation of undesirable compounds which degrade the desired properties [22].

For this reason, a detailed understanding of these processes is also desirable. New phases

in the form of precipitates, layered compounds, or even voids may arise from subsequent

reactions and alter the initial film integrity through the generation of stress or reduction

of adhesion. A balance is thus always required between the reaction necessary for efficient

interfacial bonding and fibre degradation caused by excessive reaction. Therefore, a diffusion

barrier in the form of a fibre coating is necessary to prevent interdiffusion between fibres and

matrix.

To analyse the problem of interdiffusion between the EUROFER matrix and the SiC fibre

with and without an interlayer, diffusion coefficients for SiC - Me and C - Me couples are

needed. Since the interlayer has to provide not only the suppression of diffusion but also

a good bonding between fibre and matrix, the interaction between the EUROFER and the

interlayer EUROFER - Me also has to be known.

2.1 Basics of diffusion

There are two mechanisms of diffusion in the bulk of a crystal: interstitial diffusion and

vacancy diffusion. In the first case small atoms dissolved in the crystal diffuse around by

squeezing between atoms, jumping - when they have enough energy - from one interstice to

another [23]. Carbon, a small atom, diffuses through steel in this way; in fact, C, O, N and

H diffuse interstitially in most crystals. These small atoms diffuse very quickly. The second

mechanism is that by which most diffusion in crystals takes place. Atoms have to wait until a

vacancy, or missing atom, appears next to them before they can move further. Diffusion in the

bulk crystals may be short circuited by diffusion down grain boundaries or dislocation cores.

Rapid diffusion within individual grain boundaries, coupled with their great profusion due to

small grain size, make them pathways through which the majority of mass is transported. The

boundary acts as a planar channel, about two atoms wide, with a local diffusion rate which

can be as much as 106 times greater than in the bulk [23]. The dislocation core, too, can act
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as a high conductivity “wire” of cross-section about (2b)2 , where b is the atom size. These

effects become important when grains are small or dislocations numerous and so a diffusion

barrier has to possess the crystalline structure without numerous defects.

Diffusion in solids can be defined as the migration of atomic or molecular species within

a given matrix under the influence of a concentration gradient [24]. The relation between

concentration gradients and the resultant diffusional transport is known as Fick’s first law

given here for one dimensional case for simplicity:

J = −DdC

dx
,

where J is the mass flux in the x direction, D is the diffusion coefficient, and C is the concen-

tration. The diffusion coefficient depends on both the diffusing species and the matrix and

determines the amount of observable mass transport. In addition, D increases in exponential

fashion with temperature T according to a Maxwell-Boltzmann relation:

D = D0 exp

µ
−Ed
kT

¶
,

where D0 is the pre-exponential factor, k is the Boltzmann constant, and Ed is the activation

energy of diffusion. The activation energy is the sum of the energy for defect formation Ef (in

most cases about 1 eV per atom) and the migration energy Em. The high density of defects,

grain boundaries and vacancies in deposited films cause them to behave differently from bulk

material.

Since solid-state diffusion is generally a slow process with compositional change occurring

over a long time, it is necessary to solve Fick’s second law that in its simplest form is given

as:

∂C (x, t)

∂t
= D

∂2C (x, t)

∂x2
, (2.1)

where a concentration varies with position and time and the diffusion coefficient is independent

on them. If the film thickness is very large or effectively infinite compared to the extent of

diffusion, a simple solution can be received with the following boundary condition:

Z ∞

0

C(x, t) dx = S0.

It means that a very thin layer of diffusant provides an instantaneous source S0 of surface

atoms per unit area. In this connection the surface concentration decreases with time as

atoms diffuse into the underlying substrate:

C (x, t) =
S0√
πDt

exp

µ
− x2

4Dt

¶
.

To calculate the diffusion depth p, often the random walk expression is used:
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p = 2
√
Dt. (2.2)

When
√
Dt becomes large compared to the film dimensions, the assumption of an infinite

matrix is not valid and this solution does not hold. In this caseD depends on the concentration

and, therefore, appears to be a function of x and t (2.1) and has a more complicated form

[25,26]:

∂C (x, t)

∂t
=

∂C (x, t)

∂x

∂D (x, t)

∂x
+D (x, t)

∂2C (x, t)

∂x2
, with D (x, t) ≡ D (C (x, t)) . (2.3)

The numerically calculated diffusion depth profile can be fitted to the experimental depth

profile, for instance, by the program DIFFUSEDC [26,27] to find the concentration dependent

diffusion coefficient D(C). This particular code uses the following boundary condition:

dC (x, t)

dx

¯̄̄̄
boundary

= 0.

This means that the flux through the surface is absent, that is the concentration of the

diffusion species is not zero at the surface. More details concerning these calculations are

given in Appendix B.

In [28] the diffusion coefficient D1 of component 1 for a binary alloy is described as:

D1 = B1
dμ1

d lnC1
, (2.4)

where B1 is the mobility of component 1, μ1 is the chemical potential of component 1, and

C is the concentration of component 1. The same relation holds for component 2. Therefore,

diffusion of component 1 depends not only on the concentration (as in equation (2.3)) but

also on the mobility and chemical potential. It becomes particularly important for the case of

phase formation during diffusion, since the chemical potential of a component will be different

in each phase.

As described above, a small atom like C, diffuses very quickly. Therefore, to suppress

diffusion, a material in which C has a low diffusion coefficient should be selected as a diffusion

barrier. How to select a proper material and which types of barriers exist?

In an ideal case, a barrier layer X placed between materials A and B should [24]:

• have low diffusivity of A and B in it

• be thermodynamically stable with respect to A and B within the temperature range of
interest and have low solubility in A and B

• be easy to deposit, adhere well to A and B, possess low stress, and be compatible with
a variety of processing procedures.
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Some of these requirements are difficult to comply with; moreover, they are sometimes

even mutually exclusive. Therefore, some compromises are necessary. Another requirement to

the barrier is its thickness. If the kinetic reaction rates of compounds AX and BX are known,

then either the effective lifetime or the minimum thickness of a barrier can be predicted.

There are basically three types of diffusion barriers:

• Packed barriers. These barriers rely on the segregation of impurities along rapid dif-
fusion paths such as grain boundaries to block further two-way atomic transport. A

marked improvement is found for sputtered Ti, Mo, and Ti - W alloys as diffusion

barriers when they contain small quantities of intentionally added nitrogen or oxygen.

Typically, concentrations of ∼ 10−1 to 10−3 at.% of such interstitial impurities are re-

quired to decorate grain boundaries and induce the packed barrier protection.

• Passive compound barriers. An ideal barrier that exhibits chemical inertness and negli-
gible mutual solubility and diffusivity. Although there are numerous variations among

the carbides, nitrides and borides, only the transition-metal nitrides have been widely

used.

• Sacrificial barriers. A sacrificial barrier maintains separation of A and B but only for a
limited duration. It exploits the fact that reactions between adjacent materials produce

uniform layered compounds AX and BX, which appear to be separated by the narrow

X barrier film. Protection in this case is afforded as long as X is not consumed.

For a composite material it is important to not only suppress the material intermixing but

also to provide a good adhesion between the components of a composite. Therefore, different

types of diffusion barriers are investigated in this work: a sacrificial barrier (Ti, Cr), a passive

compound barrier (TiC, TiN, Er2O3), and a hybrid of the sacrificial-passive barriers (W, Re,

Re / W). The latter means that a passive compound barrier is formed during diffusion, for

example WC in the case of W - graphite interaction. On the one hand, C and W interact with

each other and form a carbide, therefore, the W layer in this case is the sacrificial barrier.

On the other hand, C has a lower diffusivity in WC than in pure W and hence WC acts as a

passive compound barrier revealing long term stability.

2.2 Literature data on diffusion interaction

In systems like SiC / EUROFER and C / EUROFER a diffusion barrier coating must be

applied to prevent the formation of deleterious carbides and silicides, so interactions between

SiC / Me and C / Me have to be known. All binary and ternary phase diagrams for these

systems are shown in Appendix C.

2.2.1 SiC / Me

SiC is a ceramic material that is widely used in high temperature structural applications

and is utilized as reinforcement in composite materials to improve their mechanical properties.

13



A lot of investigations have dealt with the analysis of different phases within the reaction zone

of SiC with metals [29—38].

The Si-C-X ternary systems can be divided into type I and type II groups based on the

shape of the isothermal phase diagram [29]. The main features of type I and type II are as

follows:

Type I : Fe, Re

• there is no compound formation in equilibrium Me-C binary system

• three phase region (SiC-C-Silicide) exists on the ternary isothermal phase diagram

Me + SiC −→ silicides + C (graphite)

Type II : Cr, Ti, W

• at least one compound exists in Me-C binary system

• if the ternary phase exists, it is in equilibrium with silicide and carbide (no ternary

phase in Si-C-W)

Me + SiC −→ silicides + carbides + (MXSiYCZ)

SiC is stable up to approx. 2500 ◦C and the decomposition of SiC is related to the ther-

modynamics of the reaction between SiC and a metal, where the latter can play the role of a

catalyst. From the thermodynamical point of view the SiC phase is not stable in combination

with many metals and tends to form other compounds at temperatures below 1000 ◦C.

SiC / Fe
The solid state reaction between SiC and Fe in the temperature range from 800 to 1100 ◦C

and the duration 0.5−40 h was investigated in [30] with a heating rate of 0.5K s−1. The tube
furnace was flushed during annealing with a gas mixture of Ar - 20 vol.% H2. The reaction

zone had a band structure: modulated C precipitation zone / random C precipitation zone /

C precipitation free zone. The reaction products were Fe3Si, Fe(Si), and the graphitic C

precipitates. Only the metal richest silicide, Fe3Si, was detected in the reactive zone, since

only its formation was thermodynamically favoured:

3Fe + SiC −→ Fe3Si + CGr.

The existence of the carbon precipitation free zone indicated that Si diffused faster than

C. A cluster of voids in the zone adjacent to the random C precipitation zone was found.

The formation of voids was attributed to the non-equilibrium diffusion of Fe and Si during

the reaction process. The thermal expansion property of the random C precipitation zone

and the C precipitation free zone was different because of their different composition. Hence,

a crack was formed along voids of the couple. From the measured reaction zone thickness

for different annealing temperatures from 800 to 1100 ◦C, the reaction rate constant, K, was

calculated:
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K = 4.9 · 10−4 exp
µ
−180 · 10

3

RT

¶ £
m2 s−1

¤
.

Thus, after annealing at 1000 ◦C over 2 h the reaction zone thickness appeared to be about

300μm. The value of K was of the same order of magnitude as the diffusion coefficient of Fe

in Fe3Si, whereas it was nearly 103 times larger than the diffusion coefficient of Si in Fe3Si.

Consequently, the Fe atoms in Fe3Si were found to be the dominating diffusion species of the

reaction.

SiC / Fe-20 Cr
Similar investigations were performed for the system SiC / Fe - 20Cr in [31]. Analysis

was performed with the samples annealed at temperatures from 900 to 1200 ◦C with duration

up to 20 h and a heating rate of 0.5K s−1. The tube furnace was flushed during annealing

with a gas mixture of Ar - 20 vol.% H2. The reaction zone was mainly composed of Fe3Si,

Cr3Si, M7C3-type carbide (M = Cr, Fe) and graphitic C precipitates. This zone had two

sections which were different in their microstructure and element distribution. The first one,

adjacent to the SiC site, had high Si, Fe and low Cr concentrations with randomly distributed

C precipitates. The particle size of the C precipitates increased with increasing distance from

the SiC side. The second zone, adjacent to the Fe - 20Cr side, was uniform and free from C

precipitates. This zone had extremely high Cr content, low Fe content, and no Si content.

The selectivity of the interface reaction between SiC and the Fe - 20Cr alloy was detected.

Hence, Si atoms, decomposed from SiC, selectively reacted with Fe atoms to form Fe3Si. C

atoms selectively reacted with Cr atoms from the Fe - 20Cr alloy to form the M7C3-type

of carbide. This reaction was partially attributed to the high formation enthalpies of these

compounds. The reaction rate constant, K, was found to be:

K = 1.9 · 10−4 exp
µ
−235 · 10

3

RT

¶ £
m2 s−1

¤
.

Consequently, the reaction zone thickness after annealing at 1000 ◦C over 2 h was 20μm, which

is 15 times smaller than that for the SiC / Fe system [30] due to the interface reaction control

of the Cr element in the Fe matrix.

SiC / Ti
For SiC / Ti, the composition in the reaction zone was investigated for both SCS6 fibre /

Ti and SiC / Ti plane interface at 950 ◦C over 100 − 300 h and at 1200 ◦C over 1 − 100 h,
respectively [32]. The reaction zone was found to be a two-phase zone that consisted of TiCX
crystals within a matrix of Ti5Si3CX. The product phases were:

SCS6 / Ti SiC / Ti3SiC2 / Ti5Si3CX + TiCX / TiCX / Ti

SiC / Ti SiC / Ti5Si3CX + TiCX / Ti,
with the highest x value of about 11 at.%. The ternary phase diagram was investigated in [33]

(see Fig. C.1 in Appendix C). The reaction rate constants, K, determined at 900 ◦C were:
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SCS6 / Ti 3.4 · 10−16m2 s−1

SiC / Ti 5.3 · 10−16m2 s−1.
Therefore, after around 2 h at 900 ◦C, the reaction zone thicknesses were:

SCS6 / Ti 1.6μm

SiC / Ti 2.0μm.

SiC / Cr
For SiC / Cr with a plane interface the product phase was found to be SiC / Cr5Si3C /

Cr7C3 + Cr3Si / Cr7C3 / Cr23C6 / Cr [34] after annealing at 1000 ◦C over 40 h. SEM images

of the cross-section of the sample showed a good contact between SiC and the diffusion zone.

However, there was a gap (5μm) appeared at the diffusion zone / Cr interface due to a large

difference in the thermal expansion coefficients. In [35] the isothermal phase diagram was

determined (see Fig. C.2 in Appendix C). The SiC / Cr diffusion couple showed a layered

structure. Carbide layers were produced next to the Cr side indicating that the diffusion

distance of C from SiC was larger than that of Si from SiC. A parabolic growth law was

assumed for the reaction zone thickness, from which the reaction rate constant, K, was

determined as:

K = 2.6 · 10−8 exp
µ
−176.8 · 10

3

RT

¶ £
m2 s−1

¤
.

After less than 2 h 1000 ◦C the reaction zone thickness appeared to be 3.9μm.

SiC / W
Studying the interaction of SiC with W in the temperature range 1600− 1800 ◦C revealed

the formation of W5Si3 and W2C, i.e. a layered structure was formed consisting of SiC /

W5Si3 / W2C / W [36].

Interfacial reactions between a thin W film and single-crystal (001) β-SiC substrate during

annealing at 600 to 1100 ◦C for 60 s were reported in [37]. It was found that the film began

to react with SiC at 950 ◦C and had completely transformed to W5Si3 and W2C at 1100 ◦C.

These reaction products are known to be unstable phases on silicon carbide, therefore at

longer annealing times WSi2 or WC should be formed. The calculated isothermal section of

the W-Si-C ternary phase diagram at 1100 ◦C [37] is presented in Fig. C.3 Appendix C.

SiC / Re
The interaction of thin Re films being in contact with a single-crystal (001) of β-SiC at

temperatures from 700 to 1100 ◦C for durations of 30min was reported in [38]. The authors

found that Re grains did not grow notably under post-deposition annealing at 1100 ◦C but

a strong columnar texture parallel to the substrate surface appeared upon annealing. Both

experiments and a thermodynamic theory described in the article proved that Re did not

react with SiC. This work is applicable at annealing temperatures up to 1100 ◦C and the

results and conclusions can be applied strictly only to a single-crystal β-SiC substrate. For a
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polycrystalline SiC substrate the presence of grain boundaries affects the internal energy of

SiC and might also alter the interdiffusion behaviour between SiC and Re. The isothermal

section of the Re-Si-C phase diagram for 1100 ◦C calculated in [38] is shown in Fig. C.4

Appendix C.

As a short summary of the available experimental data, the reaction constants of inter-

action SiC-Me are presented in Fig. 2.1. The fastest diffusion process occurs in the diffusion

couple SiC-Fe. The addition of 20 wt.% of Cr results in a significant diminution of the reaction

rate. Cr and Ti do not react with SiC as intensively as pure Fe. All of the described metals,

with the exception of Re, react with SiC at the assumed hipping temperature of 1000 ◦C.

Therefore, it is necessary to prevent dissolution of the outer fibre coating (SiC doped carbon)

in the interlayers and matrix to protect the SiC coating from decomposing. For this purpose,

estimation of the diffusion rate of C in different metals is necessary.
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Figure 2.1: Reaction rate constants for SiC - Me interaction [30,31,33,35]

2.2.2 C / Me

In many applications it is necessary to control the C diffusion in materials and a lot of

studies have dealt with this task [26,39—50]. Literature data on diffusion coefficients are often

based on experimental results which have been obtained in the 1960’s [51—53]. An Arrhenius

plot that relies upon the known diffusion coefficients for C in different metals is presented in

Fig. 2.2 [39,51—54].

One can see in Fig. 2.2 that the highest diffusion coefficient of C appears to be in α-Fe.

The plot then has a step at 914 ◦C corresponded to the phase transformation from α-Fe with

more open bcc lattice with a packing density of 68% to γ-Fe with the fcc lattice, which has a

higher packing density of 74%. The diffusion coefficient of C in Ti has the same step at 882 ◦C,

but in the reverse direction, where Ti changes its structure from close-packed hexagonal (cph)

lattice of α-Ti to bcc of β-Ti. This polymorphism can, however, be brought about at room

temperature by alloying.
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Figure 2.2: Arrhenius plot for C diffusion in different Me [39,51—54]

The picture is not complete due to absence of data over the whole temperature range; it

is therefore only possible to extrapolate the available data to predict the behavior of different

metals. In comparison with Fe, all metals presented in Fig. 2.2 have a lower diffusion coefficient

of C, especially W and Re. This is also confirmed by the wide use of these W and Re as

diffusion barriers with respect to C in different applications.

C / Fe
The C - Fe phase diagram (see Fig. C.5 [55] in Appendix C) is non-equilibrium, since

cementite Fe3C is presented. The decomposition of the cementite into Fe and graphite is a

very slow process, therefore virtually all C in steel will appear in the form of Fe3C instead

of graphite [56]. This compound is formed when the solubility limit of C in α-ferrite exceeds

0.102 at.% at temperatures as high as 727 ◦C. Mechanically, cementite is brittle which could

dramatically degrade the adhesion between the matrix and fibres in MMC. The addition of

S i to cast Fe greatly accelerates the cementite decomposition reaction to form graphite, that

is why no Fe3C is presented as a product of the reaction between SiC and Fe as described in

subsection 2.2.1. The diffusion coefficient of C in α- and γ-Fe is described by the following

expression in the temperature range 410 to 1300 ◦C [51]:
for α-Fe D varies from 6.25 · 10−13 to 4.54 · 10−10 [ m2 s−1]
for γ-Fe D = 4.5 · 10−5 exp

³
−154.1·103

RT

´
[m2 s−1] .

Thus, the diffusion depth of C in Fe after annealing even at such low temperatures as 400 ◦C

over 2 h is 130μm, which is larger than the thickness of the suggested matrix layer of EU-

ROFER (80μm) on the SiC fibre. The diffusion of C in Fe is so fast since it diffuses by the

interstitial diffusion mechanism (see subsection 2.1).

C / Ti
In contrast to Fe, Ti builds stable carbides and TiC already appears at 500 ◦C (see Fig. C.6

[57] in Appendix C). The model of Ti - C interaction for the case of a Ti layer on graphite

substrate is described in [39]. During the initial interaction, C diffuses preferably along Ti
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grain boundaries. A C net is forming in the vicinity of the Ti - C interface within a Ti layer

of about 10 nm in thickness. Then, as the C concentration increases at Ti grain boundaries,

TiC crystallites grow into the intergranular spaces at the expense of the adjacent Ti grains.

The transfer of C from the graphite substrate towards the Ti layer occurs preferably at the

TiC crystallite - Ti grain boundaries and in Ti adjacent to the C - Ti interface, rather than

through the TiC crystallites. After that, the TiC crystallites are able to grow in directions

parallel to the C - Ti interface up to the formation of a continuous TiC interphase. Finally,

C diffuses from the substrate through the TiC interphase towards the residual Ti film. At

the same time, after formation of TiC the diffusion coefficient of C is significantly lower in

the TiC than in the pure Ti. To prevent undesirable TiC crystallites forming at the interface

zone, it was suggested to deposit a thin TiC layer [39].

The diffusion coefficient of C in α-Ti has been derived in [39] and [52] for the different

temperatures:
from 400 to 600 ◦C D = 1.5 · 10−7 exp

³
−153·103

RT

´
[m2 s−1]

from 600 to 800 ◦C D = 7.9 · 10−8 exp
³
−127.7·103

RT

´
[m2 s−1] .

The diffusion depth of C in α-Ti after annealing at 400 ◦C over 2 h is 75μm, which is almost

2 times lower than that in α-Fe.

C / Cr
The main features of the equilibrium Cr - C phase diagram (see Fig. C.7 [57] in Appendix C)

are the occurrence of three intermediate phases in the solid state: Cr23C6, Cr7C3, and Cr3C2.

These three phases have a narrow homogeneity range. Two of these carbides, namely Cr23C6
and Cr7C3, can also be formed by interaction with SiC, as has been shown above in subsection

2.2.1. The linear correlation of the experimental results of the C diffusion coefficient in

Cr corresponds to the parabolic relation (2.2). The diffusion coefficient of C in Cr in the

temperature range of 800 to 1500 ◦C is [52]:

D = 8.3 · 10−7 exp
µ
−117.2 · 10

3

RT

¶ £
m2 s−1

¤
.

After 2 h at 1000 ◦C the diffusion depth appears to be about 600μm.

C / W
W forms carbides at temperatures above 700 ◦C. At the beginning, only subcarbide α-W2C

is formed but at temperatures above 1000 ◦C it transforms into WC [42]. The formation

of these two phases was detected after heating to 800 ◦C where subcarbides comprised only

a minor part (∼ 10%) of the entire carbide layer [43]. A 4 − 5μm thick WC layer was

found to be formed after 2 h of annealing at 800 ◦C. A rough estimation of the diffusion

coefficient of C gives a value of 10−15m2 s−1 which is four orders of magnitude higher than

that reported in [26]. This difference can be explained by the presence of defects in the

W layer produced during deposition in [43]. The W - C binary phase diagram is shown in

Fig C.8 [45], Appendix C. For high temperatures, from 900−1450 ◦C, the diffusion coefficient
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of C in W is described by the relation [54]:

D = 2.2 · 10−6 exp
µ
−200.8 · 10

3

RT

¶ £
m2 s−1

¤
.

The diffusion depth of C in W after 2 h of annealing at 1000 ◦C is about 20μm that is 30 times

lower than that in Cr at the same temperature. Diffusion decreases with the formation of WC

compared to pure W because of the higher activation energy of diffusion in carbide. Thus,

diffusion coefficient of C in W at 1530 ◦C is 2.8 · 10−12m2 s−1 [52], while in W2C at the same

temperature it is 8.1·10−14m2 s−1 [48]. The slow diffusion of C in W and its carbides is caused

by the fact that it proceeds via a vacancy mechanism rather than via the grain boundaries.

C / Re
In the presence of C, many metals form carbides when heated to elevated temperatures,

while Re does not. However, the solubility of C in solid Re increases with temperature

resulting in a good bonding between graphite and Re. Solubility xC,max is defined as the atom

ratio of C to Re and is described by the formula in a temperature range of 820−1250 ◦C [46]:

log xC,max = 1.68−
5270

T
,

where T is the temperature in K. Thus, at 820 ◦C about 0.1 at.% of C is dissolved in Re.

In the experiments [47] with a Re layer as a diffusion barrier between C and Me, C

was found to diffuse through the Re coating and to cause embrittlement of the Me. The

reaction rate of carbide formation decreased exponentially with increasing barrier thickness.

In addition, the carbide layer increased in thickness with decreasing grain size of the Re layer

because columnar grain boundaries in the latter acted as fast diffusion paths for carbides

providing the layer growth. The C - Re binary phase diagram is shown in Fig. C.9 [58],

Appendix C.

C / Re/W multilayer
A Re / W multilayer with a total thickness of 25μm was investigated as a diffusion barrier

for C in [59,60] and the multilayer was found to suppress WC formation in the W coating on

carbon-fibre reinforced carbon (CFC ) at temperatures above 1300 ◦C over a time of 20 s. In

these experiments the specimens were heated with a uniform electron beam. The multilayer

consisted of two W and three Re layers and the system looked as follow: CFC / Re / W /

Re / W / Re / coating. After heat treatment the first W interlayer (nearest to CFC ) was

found to contain 40 at.% of C, i.e. C had diffused through the first Re layer. This diffusion

led to the formation of WC and therefore C diffusion diminution due to an increase of the

activation energy of diffusion. WC is itself brittle, but in the case of a 4μm thick layer the

strength and ductility of the layer were high [59]. Finally, a new multilayer structure of Re

and WC had appeared to behave as a diffusion barrier at temperatures below 1600 ◦C. At

these temperatures the terminal solid solubility of W in Re was 11 at.% and Re in W was
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27.5 at.% [45]. Therefore, the layers of Re and W started to mix and lose their original

multilayer structure [60]. With a longer duration time, the intermixing of Re and W layers

took place at lower temperatures.

2.2.3 Fe / Me

Pure Fe / Me
If the diffusion coefficients of C and Fe in a Me are close to each other then diffusion in

both directions occurs at the same time. Thus, both diffusion paths have to be taken into

consideration during calculations of barrier thickness. The diffusion coefficients of Fe, the

main constituent of EUROFER, in different Me and Me in pure Fe are listed in Table 2.1.

This comparison is useful for the analysis of the consequence of possible reactions which could

happen. Fe has a low diffusivity in Cr, Ta, and W; medium in Cu, Au, and Ag; and high in

Ti [52,53]. The diffusion coefficients of Cr and W in Fe are significantly higher than for Fe in

Cr and W. Therefore, interdiffusion proceeds mainly in the direction of EUROFER instead

of metallic interlayer.

Temperature [ ◦C] Diffusion coefficient [m2 s−1]
β-Ti 900 3.05 · 10−8

Fe −→ Cr 980 6.93 · 10−19
W 980 4.31 · 10−18

Cr −→ α-Fe 900 1.58 · 10−15
W −→ α-Fe 900 1.02 · 10−14

Table 2.1: Diffusion coefficient of Fe in Cr, Ti, and W and diffusion coefficients of Cr and W
in Fe

It is of special concern for Ti because it forms the compounds of TiFe and TiFe2 already

at 400 ◦C (see Fig. C.10 [57] in Appendix C). The addition of Fe to α-Ti influences the

temperature of the crystalline transformation from α-Ti to β-Ti. This transformation takes

place at 882 ◦C in the absence of Fe, while the Fe concentration of 15 at.% decreases the

temperature to 595 ◦C (see Fig. C.10 [57] in Appendix C).

The phase diagram of Cr - Fe is given in Fig. C.11 [57] in Appendix C. The alloys

containing ≥ 13 wt.% Cr have a bcc structure all the way to the melting point. They do not
enter the fcc phase field and cannot be quenched to form martensite.

Fe and W form two stable intermediate phases, Fe7W6 (μ) (42.1 at.% of W) and FeW (δ)

(50 at.% of W), as well as a metastable transition phase, Fe2W (λ) (33.3 at.% of W) [48] (see

the Fe - W binary phase diagram in Fig. C.12 [48], Appendix C). The phase of Fe7W6 exists

only at temperatures above 1200 ◦C, which is higher than the assumed hipping temperature,

while the other two phases, FeW and Fe2W, can already be formed at 400 ◦C. When α-

Fe is cooled down from the high temperature single-phase region the system moves towards

equilibrium by precipitating the second phase containing a large amount of solute. The

maximum solubility of W in α-Fe at 700 ◦C is 1.72 at.%. The diffusion coefficient of W in

α-Fe at 750 ◦C is about 1.9 · 10−16m2 s−1.
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Fe and Re also form stable compounds like Fe and W. But in contrast to W, data on Re is

limited. In Fig. C.13 [49], Appendix C the Fe - Re binary phase diagram is presented. Three

compounds, Fe20Re9, Fe3Re2, and Fe2Re3, exist at temperatures as low as 500 ◦C, and differ

in Re and Fe concentrations.

Fe-12Cr / Cr
If diffusion in an alloy is studied, the effect of self-diffusion must be taken into consideration.

For example, the diffusion coefficient of Cr in the binary alloy of Fe and Cr (12 wt.%) for a

temperature range of 900 to 1400 ◦C is [52]:

D = 1.29 · 10−4 exp
µ
−230.5 · 10

3

RT

¶
,
£
m2 s−1

¤
.

The diffusion coefficient of Cr in alloy at 980 ◦C, about 3.2 · 10−14m2 s−1, is significantly
higher than the diffusivity of Cr in pure Fe, 2.2 · 10−17m2 s−1, and Fe in Cr, 6.9 · 10−19m2 s−1,
at the same temperature. This fact is of great importance regarding EUROFER 97 because

the steel contains 9 wt.% of Cr. Therefore, the interdiffusion between EUROFER and Cr

layers proceeds faster in the direction of the steel than in Cr interlayer and self-diffusion of

Cr can influence significantly on the rate of the process.

2.2.4 C / interlayer / steel

Experiments on diffusion reactions between Ti and stainless steel [61] indicated the forma-

tion of Fe, Cr and Ni formed intermetallic compounds. The Transmission Electron Microscopy

(TEM ) / SEM investigation performed in interdiffusion studies of stainless steel (AISI 316)

and commercially pure Ti showed the formation of TiFe, TiFe2 and σ-Fe-Cr, where the σ-

phase had the average composition as follow: Fe (59.8− 61.8 at.%), Cr (29.2− 31.8 at.%), Ni
(4.7− 5.8 at.%) and Ti (balance). The phases appeared during annealing at 950 ◦C and were
found to be: stainless steel / Fe2Ti(Cr, Ni) / Fe2Ti(Cr, Ni) + Cr2Ti(Fe) / FeTi(Cr, Ni) /

σ-Ti(Fe, Cr, Ni) / Ti.

The investigation of a steel substrate and C layer couple with Ti and Cr interlayers [41]

showed that the Cr interlayer was insufficient to stop the Fe diffusion into the C.

TiN layers were tested as a diffusion barrier in [44]. The system C / TiN / steel was found

to withstand temperatures up to 950 ◦C. With further temperature increased, TiN reacted

to form titanium carbonitride and delamination occurred.

W as a diffusion barrier for C - steel system was investigated in [43]. A good bonding of

the C layer to the buffer layer, as well as of W to the steel substrate, was observed.

Interactions between Fe, W, and C in W-containing steels (up to 2.5 wt.% of W and

0.85 wt.% of C) were studied at 700 ◦C over times up to 500 h [50]. Depending on the tem-

pering time, three different carbides were observed, namely Fe3C, M6C (Fe4W2C - Fe2W4C),

and (Fe, W)23C6. After short tempering times, cementite and M6C carbide precipitates ap-

peared. The rate of cementite dissolution and the amount of W-based carbides such as M23C6
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(4− 7 at.% of W) and M6C (41− 48 at.% of W) increased with increasing concentration of

W. After annealing for longer times, only the formation of M23C6 precipitates were observed.

Thus, it was concluded that the sequence of carbide precipitation in W steels was Fe3C −→
M6C −→M23C6. Diffusion controlled transformations were characterised by a large difference

in mobility of C and substitutional elements, which could be explained by the difference in

the diffusion mechanisms: interstitial diffusion for C, while for W it was vacancy diffusion

(see more details in subsection 2.1).
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3 Materials and Experimental Procedures

3.1 Materials

As was mentioned in subsection 1.2, the composite material being investigated in this

work is the system of EUROFER 97 as a matrix and SiC fibres as reinforcement. To prevent

the degradation of mechanical properties of the composite, a diffusion barrier has to be formed

between the matrix and the fibre.

3.1.1 Fibre

In this work, SCS6 Speciality Materials fibres have been used. Their structure is shown

in Fig. 3.1.

Figure 3.1: SCS6 fibre: CMF, 1 - amorphous carbon (0.5μm), 2 - SiC doped C (1μm), 3 -

SiC doped C (1.5μm)

This type of fibre with a diameter of 142μm is produced by a Chemical Vapour Deposition

(CVD) process. The fibre core consists of a 33μm diameter carbon monofilament (CMF)

originally spun from a pitch-based material, which is then sealed by a 1.5μm thick overcoat

of pyrolytic C [62, 63]. There are two β-SiC zones grown with the columnar structure; they

consist of subgrains of β-SiC with close-packed {111} planes. The first zone is slightly C rich
with a fine grain size of about 10 − 60 nm and extension to about 15μm. The second one

has coarse grains with dimensions of 70− 140 nm, extension about 35μm and stoichiometric

composition. C and SiC are in chemical equilibrium; therefore, no reaction occurs between

them. The fibre has as an outer coating consisted of three layers with a total thickness

of about 3μm. This coating is used for reducing the surface sensitivity to damage during

handling. Additionally, C heals the defects at the SiC surface and enhances the strength of

the fibre.

SCS6 has the following thermo-mechanical properties given in Table 3.1 [64].
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σ [MPa] 3450
E [GPa] 380

ν 0.17
ρ [ g cm−3] 3.0

α
£
10−6K−1

¤
4.1

Table 3.1: Thermo-mechanical properties of SCS6 fibre

Here σ is the ultimate tensile strength, E - Young’s modulus, ν - Poisson’s ratio, ρ -

density, α - coefficient of thermal expansion.

3.1.2 Planar substrates

Planar substrates have been utilized in the work because some of the analyses, namely

OES, XRD, and IBA, are only applicable to flat surfaces. Three types of material have been

chosen: pyrolytic graphite (HPG), silicon carbide (SiC) and glass.

Pyrolytic graphite produced by Union Carbide (UC, USA) has a polycrystalline structure

with a mosaic spread of ±11 ◦ cut parallel to the main graphitic basal plane [65]. It reveals
nearly no porosity and its density of 2.20 g cm−3 is very close to that of an ideal graphite.

The size of its crystallites can reach several microns. Thermo-mechanical properties of this

pyrolytic graphite at room temperature are shown in Table 3.2 [66, 67]. Here “a” and “c”

mean the direction parallel and perpendicular to the graphite basal planes. In the basal

planes, the a dimension has been found to contract slightly up to 400 ◦C and then expand at

higher temperatures [67]:
0 ◦C ≤ T ≤ 150 ◦C αa = −1.5 · 10−6K−1

T = 400 ◦C αa = 0

600 ◦C ≤ T ≤ 800 ◦C αa = +0.9 · 10−6K−1.
This material appears to be rather suitable for diffusion investigations using IBA, SEM,

and XRD techniques, since SiC fibres, which are planned to be used as reinforcement in

EUROFER 97 matrix composite, have a SiC doped pyrolytic graphite as the outer layer.

However, this material is not suitable for the layer thickness measurements because of its

relatively high surface roughness (Ra = 60nm after polishing (see subsection 3.2.2)), which

is comparable with the depositing layer thickness.

SiC planar substrate produced by Wacker Ceramics has no orientation in a wafer. This is

a hexagonal SiC with a density of 3.16 g cm−3 and polycrystalline structure with a mean grain

size less than 5μm [68]. SiC substrate was included in the investigation for the same reason

as pyrolytic graphite. In spite of its low roughness Ra = 1 − 5 nm is considerably less than

that of pyrolytic graphite, pores can hinder the estimation of the layer thickness (porosity

of 0.6 − 0.8%). As it has been shown in subsection 2.2.1, a SiC - Me couple reveals no

interdiffusion at temperatures below 900 ◦C. Therefore, the SiC substrate does not influence

on the interaction between Me - EUROFER in the system SiC - Me - EUROFER caused

by annealing at temperatures below 900 ◦C. The diffusion code DIFFUSEDC used in this

work for calculation of the concentration dependent diffusion coefficient D(C) treats diffusion
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only in a binary system. The SiC substrate, therefore, appears to be a convenient choice

for this investigation of interdiffusion between the EUROFER and Me layer since diffusion

between only two componentsMe and EUROFER can be considered. The thermo-mechanical

properties of SiC at room temperature are shown in Table 3.2 [68].

Amorphous glass substrate produced by Carl Roth is a soda-lime glass ISO Norm 8037/1

(typical composition in wt.%: 70 SiO2, 10 CaO, 15 Na2O [69]). It has been used for the

thickness measurements, which were carried out with the help of a profilometer, as well as for

two other types of analysis, OES and XRD. The material is suitable for OES analysis due

to its large deposited area: analysis appears to be more precise owing to the fact that more

material in the deposited layer is investigated. As to the second, i.e. XRD, the analysis is

possible to perform because of the amorphous structure of the glass and hence no peaks from

the substrate should be observed in XRD spectra. The softening point of soda-lime glass

is 700 ◦C and so this substrate has not been used for annealing experiments. The thermo-

mechanical properties of soda-lime glass at room temperature are shown in Table 3.2 [69].

Material Pyrolytic graphite SiC Soda-lime glass
E [GPa] 28 420 60− 70

ν “a” direction −0.1 to −0.2 0.17 0.23
“c” direction 0.9 to 0.95

ρ [ g cm−3] 2.20 3.16 2.4
α
£
10−6K−1

¤
“a” direction −1.5 4.0 8.9
“c” direction 28.6

Table 3.2: Thermo-mechanical properties of SiC and soda-lime glass at room temperature

In this table E is Young’s modulus, ν - Poisson’s ratio, ρ - density, α - coefficient of

thermal expansion.

3.1.3 Interlayers

Two types of material have been used in the form of an interlayer: metals and ceramics.

The bulk material properties of Ti, Cr, W, and Re as a metal interlayer material are presented

in Table 3.3 [23, 48, 70]. The bulk material properties of TiC, TiN, ZrO2, and Er2O3 as a

ceramic interlayer material are presented in Table 3.4 [23,71—75].

Material Ti Cr W Re
σ [MPa] 300− 400 216− 448 411− 1776 1135− 2223
E [GPa] 120 279 390− 410 466

ν 0.36 0.21 0.28− 0.30 0.26
ρ [ g cm−3] 4.5 7.1 19.3 21.0

α
£
10−6K−1

¤
8.9 6.5 4.5 6.6

Table 3.3: Thermo-mechanical properties of selected metals
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Material TiC TiN ZrO2 Er2O3
E [GPa] 370− 380 460− 600 160− 241 186.3

ν 0.19 0.25 0.3
ρ [ g cm−3] 4.92 5.24 5.7 8.65

α
£
10−6K−1

¤
6.5 8.9 10

Table 3.4: Thermo-mechanical properties of selected ceramics

In these tables, σ is the ultimate tensile strength, E - Young’s modulus, ν - Poisson’s

ratio, ρ - density, α - coefficient of thermal expansion.

3.1.4 Matrix

The RAFM steel EUROFER 97 is manufactured by Böhler Edelstahl GmbH in Austria.

To distinguish the properties of this steel, a number of experiments have been carried out

in different laboratories. The composition, microstructure, and some other properties of

EUROFER 97 are given in subsection 1.1.1. The thermo-mechanical properties of the steel

at room temperature are presented in Table 3.5 [14,21,76].

σ [MPa] 690
E [GPa] 206

ν 0.3
ρ [ g cm−3] 7.8

α
£
10−6K−1

¤
10

Table 3.5: Thermo-mechanical properties of EUROFER 97 at room temperature

Here σ is the ultimate tensile strength, E - Young’s modulus, ν - Poisson’s ratio, ρ -

density, α - coefficient of thermal expansion.

3.1.5 Denotation of samples

The layers have been deposited using a magnetron sputtering device, as well as a plasma

arc filtered device and plasma arc device. A schematic view of the samples with different

interlayers is shown in Fig. 3.2.

Figure 3.2: Schematic view of the thin (50 nm / 50 nm) and thick (500 nm / 500 nm) samples

In the following tables, only the names of the samples described below in section 4 are

shown. The description of the samples withMe interlayers deposited by magnetron sputtering
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is given in Table 3.6. In Table 3.7 the denotation of the samples with a ceramic interlayer is

presented. Before deposition and following investigation of the annealed samples with ceramic

and EUROFER layers, the samples with only ceramic layers have been investigated to find

appropriate deposition parameters. Some of these samples are listed in Table 3.8. Finally,

the samples with plasma arc deposited layers and coated fibres are presented in Tables 3.9

and 3.10, correspondingly.

Sample name Substrate Layer 1 (interlayer) Layer 2
Thin layers

SiCE41 SiC EUROFER (50 nm) -
CWE41 C
SiCE_Ti2 SiC Ti (45 nm)
CWE_Ti2 C
SiCE_Cr1 SiC Cr (50 nm)
CWE_Cr1 C EUROFER (50 nm)
SiCE_W1 SiC W (50 nm)
CWE_W1 C
SiCE_Re1 SiC Re (50 nm)
CWE_Re1 C

Thick layers
SiCE43 SiC EUROFER (400 nm) -
CWE43 C
SiCE_Ti3 SiC Ti (500 nm)
CWE_Ti3 C
SiCE_Cr4 SiC Cr (500 nm)
CWE_Cr4 C
SiCE_W2 SiC W (500 nm) EUROFER (500 nm)
CWE_W2 C
SiCE_Re2 SiC Re (500 nm)
CWE_Re2 C

CWE_Re_W1 C W / Re / W (500 nm)
CWE_Re_W2 C Re / W / Re / W (500 nm) EUROFER (500 nm)

Table 3.6: List of investigated planar samples with metal layers deposited by magnetron
sputtering technique

Sample name Substrate Layer 1 (interlayer) Layer 2
SiCE_TiC1 SiC TiC (50 nm)
CWE_TiC1 C EUROFER (50 nm)
SiCE_TiN2 SiC TiN (50 nm)
CWE_TiN2 C
CWE_Erbia1 C Er2O3 (500 nm) EUROFER (500 nm)

Table 3.7: List of investigated planar samples with ceramic layers deposited by magnetron
sputtering and plasma arc filter techniques
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Sample name Substrate Target / Deposition technique
TiC layer (45 - 125 nm)

SiCTiC4, SiCTiC6 SiC
CWTiC1, CWTiC4, CWTiC6 C Ti and C / magnetron

glassTiC4, glassTiC6 glass
SiCTiC10 SiC
CWTiC10 C TiC / magnetron
glassTiC10 glass
CWTiC15 C Ti and C / magnetron

TiN layer (60 - 350 nm)
SiCTiN1, SiCTiN6 SiC
SiCTiN7, SiCTiN8
CWTiN1, CWTiN6 C Ti / magnetron
CWTiN7, CWTiN8
glassTiN1, glassTiN6 glass

ZrO2 layer (30 - 60 nm)
SiCZrO25, SiCZrO26 SiC
CWZrO25, CWZrO26 C Zr / magnetron

Er2O3 layer (160 - 500 nm)
CWEr2O32, CWEr2O33 C Er / magnetron

CWErbia1 C Er / filtered arc
Table 3.8: List of deposited planar samples with ceramic layers

Sample name Magnetron deposition Arc deposition
CWE33A3
CSE33A3 EUROFER (108 nm) EUROFER (∼ 10μm)
CW_W1A5 W (50 nm) EUROFER (∼ 30μm)
CS_TiN9A5 TiN (50 nm)

Table 3.9: List of planar samples with layers deposited by both PVD techniques

Sample name Magnetron deposition Arc deposition
SCS6E3A6 EUROFER (∼ 180 nm) EUROFER (∼ 6μm)
SCS6E_W3 W (∼ 500 nm) / EUROFER (∼ 500 nm) -

Table 3.10: Coatings deposited on the SiC fibres

In these tables, SiC, graphite (C) and glass substrates denoted by the abbreviations “SiC”,

“CW”, and “glass”, have been coated simultaneously. For instance, according to Table 3.6,

samples SiCE_Ti2 and CWE_Ti2 have the same EUROFER and Ti coatings, i.e. produced

during the same deposition run. In Table 3.8, the sample names SiCTiC4, CWTiC4, and

glassTiC4 denote SiC, graphite (CW), and glass substrates coated with a TiC layer during

the 4th run. The names of the samples in Table 3.9, for example, CWE33A3 and SiCE33A3

denote graphite CW and SiC substrates coated by magnetron sputtering with EUROFER

coating during the 33rd run and then during the 3rd run of the arc deposition.
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3.2 Experimental procedures

3.2.1 PVD techniques and layer deposition procedures

Using Physical Vapour Deposition (PVD) techniques with plasma assistance (for exam-

ple, sputter deposition or ion plating), thin films of pure metals, compounds such as carbides,

nitrides or oxides and even alloys can be formed on substrates [77].

Magnetron sputtering technique
Sputter deposition utilizes the physical sputtering effects caused by ion bombardment of a

target material. The sputtering yield changes according to the energy of the impinging ion

and has a maximum at 1−10 k eV. The ion energy is determined by the electric field strength
in the region close to the target.

If a magnetic field is applied perpendicular to the electric field, electrons are trapped near

the surface of the electrode and trace cycloidal orbits. Such devices using crossed electric

and magnetic fields are called magnetrons [77]. There are several types of magnetrons for

practical application: cylindrical, circular or planar magnetrons. The magnetron can operate

in either Direct Current (DC ) or Radio Frequency (RF) mode.

Permanent magnets are arranged to form a toroidal-type tunnel of the magnetic field.

The electron motion in the case of a planar magnetron electrode is shown in Fig. 3.3 [24,77].

Electrons are trapped in this tunnel and continue their motion in a cycloidal trajectory. The

plasma density increases in this magnetically confined region. The high current densities

obtained make it possible to increase the sputter rate and thus the deposition rate of films.

The sputtered area of a target defines the effectiveness of its usage because the material is

sputtered preferentially from this zone.

Figure 3.3: Electric and magnetic fields and a trace of electron motion in a planar magnetron

electrode

In this work, a commercial magnetron sputter device “Discovery 18DC/RF Research Mag-

netron Sputter Deposition System” has been used. It has three planar magnetron electrodes

operated in DC or RF mode, where DC or RF power up to 700W or 600W, correspond-

ingly, can be applied. Three gases, namely Ar, N2 and O2, can be used both separately and

mixed (reactive sputtering) with a maximum gas flow of up to 50 sccm. Gas flow is given in
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[sccm] units (standard cubic centimeters per minute). The RF electric field can be applied

to bias the substrate in order to vary the flux and energy of depositing charged species. The

maximum bias power is 600W, whereas in the regime named “voltage control” the maximum

voltage is 1000V. Samples can be heated before or during deposition at temperatures in the

range from 0 to 600 ◦C.

A schematic view of the magnetron device with only one electrode for simplicity is pre-

sented in Fig. 3.4.

Figure 3.4: Schematic view of the magnetron

The target is cooled with water to prevent overheating. It is surrounded by the shield to

avoid any discharge at undesirable regions of the electrode surface and to localise sputtering

to the target surface only. The shutters are aimed for protection of the target and samples:

the target shutter is used during sputtering of another target while the substrate shutters

are used during heating and for protection of the samples from dust during target discharge

cleaning. A homogeneous distribution of a deposited layer can be achieved by rotating the

substrate.

During sputter deposition, the energy of sputtered atoms impinging on the substrate is

large. Inter-mixing and mutual diffusion between incoming atoms and the substrate material

tends to occur easily. Therefore, adhesion of the film to the substrate obtained by sputter

deposition is stronger than that by, for example, evaporation or plasma assisted CVD. By

variation of the working gas (Ar) pressure the stress in the film changes from compressive to

tensile. A compressive stress is observed at low Ar pressures and changes to a tensile stress

as the pressure increases [77]. Investigations on how to affect the stress in a deposited layer

is important for the formation of an appropriate interface in a future composite.
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The density of both metal and dielectric films increases with thickness and reaches a

plateau value which asymptotically approaches that of the bulk material [24]. The gradient

in film density is thought to be due to several reasons: higher crystalline disorder, formation

of oxides, greater trapping of vacancies and holes, and pores produced by gas incorporation.

The technique of bias application can be utilised in the present sputter device at a maxi-

mum voltage of 1000V. Bias affects a broad range of properties in deposited films [24]:

• improves film adhesion during the initial stage of film formation

• increases film density

• significantly reduces the resistance of metal films

• changes film hardness and residual stress (either increasing or decreasing it)

• modifies the film morphology (for example, columnar microstructure of Cr is replaced

by a compact fine grain structure).

In addition, the energetic particle bombardment prior to and during film formation and

growth promotes numerous changes and processes at a microscopic level. These changes

include removal of contaminations, alteration of surface chemistry, enhancement of nucleation

and re-nucleation at elevated film temperatures which are followed by an acceleration of atomic

reaction and interdiffusion rates.

Deposition of Me layers by magnetron sputtering
EUROFER 97 consists of several chemical elements (see Table 1.1 in subsection 1.1.1) and,

therefore, a appropriate deposition technique should be chosen to keep the stoichiometry

of a deposited layer close to that of the steel. Neither CVD, nor evaporation techniques

are suitable for this purpose: the former method makes deposition of a multi-component

material very complicated or even impossible, while the latter one does not ensure the right

stoichiometry due to the difference in vapour pressures of the elements of EUROFER 97. In

contrast, PVD techniques such as arc and magnetron depositions are both able to provide the

required composition of a deposited coating. Another requirement is that the steel coating

should have a good adhesion to the fibres to provide the required mechanical properties of

the composite. In addition, the coating must be thick enough to serve as a matrix material

if the composite is to be produced by hipping of bundles of coated fibres. For this reason a

two-step deposition process is chosen: (i) magnetron sputtering deposition of a thin initial

steel layer which forms a well defined interface to the surface of the SiC fibre followed by (ii)

arc deposition over the sputtered layer to form a thick coarse layer, since the arc deposition

rate is one order of magnitude higher than that of magnetron sputtering. To date, several

deposition experiments of stainless steels have been performed by use of magnetron [78—80]

and arc [81] facilities but sputtering a ferromagnetic target requires additional effort to be
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applied to create an appropriate magnetic field near the target since otherwise the deposition

rate is unacceptable low.

The base pressure in the deposition chamber was better than 3.0·10−5 Pa for all depositions.
Homogeneous distribution of a deposited layer was obtained by rotation of the substrates and

a confocal arrangement of the target. In the experiments, metallic discs (EUROFER 97,

Ti, Cr, W, and Re) 75mm in diameter were used as the target. During all depositions, the

substrate holder was placed at a distance of 12 cm from the target and was not intentionally

heated. For all targets, a standard magnetron cathode unit was utilized in DC mode except

for the EUROFER target that required the RF mode to be used. Thicknesses of the targets

also varied: the discharge on the EUROFER target was found to be stable at thicknesses as

high as 1mm, while for others, depositions were possible at thicknesses up to a recommended

value of 6mm.

To optimise the sputtering process of the EUROFER target, a specially designed cathode

“Angstrom Science ONYX-3TM” which produced a stronger magnetic field that penetrated

through the target was installed. With utilization of the stronger magnets, the deposition of

EUROFER in DC mode also became possible. A stable discharge in DC mode was able to be

obtained with a target thickness less than 1.8mm. This feature of the EUROFER deposition

arose from the ferromagnetic properties of the material itself. With the standard magnetron

cathode unit, only a cathode sputtering regime of the EUROFER target took place. By

increasing the magnetic field in the target region with the enhanced magnetron cathode unit,

the regime of sputtering changed to the magnetron sputtering regime resulting in a much

higher deposition rate owing to the effective electron confinement.

All deposition parameters for all targets are presented in Table 3.11. To produce a 500 nm

thick EUROFER coating, higher power density (and therefore higher deposition rate) was

applied compared to that used for the thin EUROFER coating.

Deposition run EUROFER Ti Cr W Re
Standard Enhanced

q [W cm−2] RF 11.3 DC 1.1, 2.3 DC 6.8 DC 4.5 DC 2.3 DC 4.5
QAr [sccm] 50 20 25 20 20 20
P [ Pa] 0.75 0.45 0.54 0.45 0.37 0.37

r
£
nmmin−1

¤
0.5 4.7, 10 15.6 17.5 6.5 15.7

d [ nm] max180 50, 500 40, 500 50, 500 50, 500 50, 500

Table 3.11: Parameters of the magnetron deposition of Me layers

In this table q is applied power density, Q - gas flow, P - pressure in the chamber during de-

position, r - deposition rate and d - layer thickness. Three cathodes installed in the magnetron

device were used one after another for deposition of the multilayer samples (CWE_Re_W1

and CWE_Re_W2): cathode 1 - W, cathode 2 - Re, and cathode 3 - EUROFER 97. This

allowed avoiding the ingress of contaminants to the interface region since all layers were

deposited without breaking the vacuum.
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Deposition of TiC by dual magnetron sputtering
With the Magnetron Sputter System, film production with material mixtures and graded

compositions is possible by simultaneous and independent power application to two targets

of different compositions, in other words dual magnetrons. The device does not allow the

identical power regime (DC or RF) application simultaneously to both the targets, i.e. one

target has to work in DC mode while the second is in RF mode. In spite of this fact, layers

with different concentrations of doped materials can be formed, for example, TiC film from

dual magnetron sputtering of pure C and Ti targets.

Both the dual magnetron sputtering and standard one were utilized for TiC deposition:

Ti and C targets were used simultaneously for the dual magnetron deposition, while for the

standard deposition TiC was sputtered. To form a compound and produce a dense coating,

a bias was applied to the substrate in both cases. As it was mentioned in subsection 3.1.5,

samples with the “TiCn” notation, where n is a number of the run, were coated at the same

time. Therefore, in Table 3.12 parameters for the different deposition processes with two

targets of Ti and C are given with the names of “TiCn”. All samples coated with TiC had

the following common parameters: deposition time 30min, Ar gas flow 20 sccm.

Deposition run TiC4 TiC6 TiC10 TiC15
qTi [W cm−2] 1.4 1.4 − 1.4
qC [W cm−2] 6.3 4.5 − 4.5
qTiC [W cm−2] − − 2.3 −

VBias [ V] 119− 129 124− 134 69− 81 ∗
P [ Pa] 0.45 0.49 0.47 0.41

r
£
nmmin−1

¤
4.2 3.7 1.5 3.3

d [ nm] 125 110 45 100

Table 3.12: Parameters of the magnetron deposition of TiC layers. * Bias voltage was switched
every 5 min from 54 to 176 V

In this table qTi is applied power density to Ti target, qC - applied power density to C

target, qTiC - applied power density to TiC target, VBias - the substrate bias voltage, P -

pressure in the chamber during deposition, r - deposition rate and d - the layer thickness.

During deposition of TiC15 VBias switched between 54 and 176V every 5min. The made

possible an improvement of the coating bonding to the substrate and the formation of a dense

layer with lower stress than would have been created by only applying a high bias voltage of

176V.

Before the application of a TiC layer as a barrier, all the samples with this coating had been

examined regarding their crystalline and surface structures and stoichiometry. The deposition

parameters of the coating with appropriate properties were later used for the deposition of the

interlayer as a diffusion barrier. The deposition of the TiC layer was done directly before the

EUROFER deposition (samples SiCE_TiC1 and CWE_TiC1) without breaking the vacuum

to avoid the ingress of contaminants at the interfaces.
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Deposition of compounds by reactive sputtering
Reactive sputtering is used for the fabrication of thin compound coatings on different types

of substrates. The deposition rate is known to be extremely sensitive to the supply of the

reactive gas [82]. Without the introduction of a reactive gas, films deposited by the sputtering

process appear to be metallic. Upon introduction of a reactive gas species, the gas atoms

combine with the atoms sputtered from the target to form a compound thin film [83]. A too

low supply of the reactive gas causes high deposition rate metallic sputtering but can result

in an understoiciometric composition of the deposited film. Too high a supply of the reactive

gas leads to compound formation not only on the substrate as a deposited film but also on

the surface of the sputtering target. At the same time, the sputtering yield of the compound

material is substantially lower than the sputtering yield of the elemental target material that

causes the deposition rate to decrease as the supply of the reactive gas increases [82]. This

compound formation on the target surface persists as the flow of reactive gas is reduced, until

at a significantly low flow level the metal target is eroded by physical sputtering [83]. This

process is known as a hysteresis effect.

As it was already mentioned above, three gases are available for use in the deposition

process by “Discovery 18DC/RF Research Magnetron Sputter Deposition System” where

only two of them can be used simultaneously. For instance, a mixture of Ar (working gas)

and N2 (reactive gas) was used for reactive sputtering of a pure Ti target to produce TiN.

Metallic targets were used for reactive deposition of ceramic layers. All parameters for the

TiN, ZrO2, and Er2O3 deposition runs are presented along with process names in Tables 3.13

and 3.14, correspondingly.

Deposition run TiN1 TiN6 TiN7 TiN8
q [W cm−2] 2.3 2.3 2.3 6.8
VBias [ V] 43− 62 65− 81 53− 70 44− 62
QAr [sccm] 18 30 30 30
QN2 [sccm] 3 10 2 10
P [ Pa] 0.42 0.81 0.66 0.8

r
£
nmmin−1

¤
0.5 0.5 0.7 2.9

d [ nm] 60 65 80 350

Table 3.13: Parameters of the magnetron deposition of TiN layers.

In these tables q is applied power density, VBias - the substrate bias voltage, QAr - Ar

gas flow, QN2 - N2 gas flow, P - pressure in the chamber during deposition, r - deposition

rate and d - the layer thickness. The same procedures of layer investigation were carried out

with TiN, ZrO2, and Er2O3, as were for TiC. Samples with the TiN interlayer deposited for

investigation of the diffusion of substrate elements into the EUROFER layer were coated with

both the TiN and EUROFER layers without vacuum breaking. Parameters for this process

were chosen from among the settings used prior in the experiments on TiN deposition. For

the case of oxide layers, optimal parameters had not been found. Therefore, the filtered arc

device was used for the Er2O3 coating production as an alternative coating technique.

35



Deposition run ZrO2 Er2O3
ZrO25 ZrO26 Er2O32 Er2O33

q [W cm−2] 4.5 4.5 11.3 11.3
VBias [ V] ∗ ∗ 36− 43 32− 39
QAr [sccm] 40 20 20 20
QO2 [sccm] 15 10 10 10
P [ Pa] 1.1 0.6 0.5 0.5

r
£
nmmin−1

¤
1.0 1.2 5.4 5.1

d [ nm] 30 60 160 455

Table 3.14: Parameters of the magnetron deposition of oxide layers. * Bias voltage was
switched every 5 min from 60 to 155 V

Plasma arc deposition technique
The use of plasma arc deposition results in a much higher rate of coating deposition in

comparison to that by magnetron sputtering which is of importance in the processing of

composite matrix coatings.

The arc is a high current (tens to hundreds of Amps) low DC voltage (tens of Volts)

gas discharge [24]. A very small luminous cathode spot (10−8 to 10−4m in diameter) forms

extremely high current densities (∼ 108 to 1012A/m2). This causes erosion of the cathode
by melting and vaporisation as well as ejection of solid and molten particles. Furthermore,

the spot rapidly jumps around the surface of the cathode in a manner dependent on the

cathode composition, gas species and pressure, presence of magnetic fields etc. The arc spot

is active for a short period of time, then extinguishes, and then re-forms in a new location

adjacent to the previous arc crater [83]. This gives rise to the appearance of motion of the

arc. The motion rate is a function of the cathode material, temperature, magnetic field, and

the presence of gas molecules. Electrons, ions, macroparticles and neutral vapor species are

emitted from the cathode spot. The greatest drawback of the cathodic arc is that the process

involves the emission of macroparticles. These are thought to be the result of sputtering of

molten material from the edges of the arc crater. The vast majority of these macroparticles

with μm size is emitted at an angle of roughly 10−20 ◦ from the cathode plane [83]. Magnetic
fields affect the arcing voltage as well as the rate and direction of motion of the arc spot.

In the present work, two plasma arc devices have been used: a vacuum arc for deposition

of a matrix layer and a vacuum filtered arc for deposition of an interlayer, where the filter of

the second arc is aimed to suppress the transfer of macroparticles from cathode to substrate.

Both these have the same arc source with a plane evaporated surface shown in Fig. 3.5 [84].

The arc source includes the following main design elements: cathode unit, ignition device, arc

magnetic control system and anode unit. Magnetic confinement of the arc to the top surface

of the cathode is carried out by means of the magnetic field of a stabilising coil, which is

arranged on the anode unit of the arc source [85,86]. Magnetic focusing of the plasma stream

is carried out by the focusing coil which is also arranged on the anode unit of the source. In

this case, cathodic spots are pushed out to the top surface of the cathode.
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Figure 3.5: Schematic view of the arc source [84]

The cathodic spots move quasi-randomly eroding the cathode surface in such a way that

it forms a surface normal to magnetic field lines.

Different methods exist to reduce the droplet contamination of substrates by separating

the plasma stream and particle trajectories. Among them, a toroidal separator where plasma

is magnetically guided through a toroidal segment is frequently used [87]. This segment is

covered inside with a ribbed structure to catch the droplets on the walls of the toroid. A

schematic view of a vacuum arc setup with toroidal filter system is presented in Fig. 3.6 [88].

Figure 3.6: Vacuum arc setup with toroidal filter system [88]

The vacuum arc device used for deposition of the matrix coatings does not allow the

application of a substrate bias. The substrate holder as well as samples are heated due to the

plasma stream during deposition up to ∼ 400 ◦C. No additional heating of the substrate is
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possible. Therefore, this device was utilized only for the deposition of metallic coatings where

it was not necessary to apply additional substrate heating and substrate bias. For the reactive

deposition, the filtered arc setup was used to avoid the presence of droplets and to produce

a crystalline structure of the compound coating by simultaneously applying bias and heating

the substrate. RF induced bias voltages up to −300V were used and heating of the samples
up to 800 ◦C was possible by means of an infrared heater installed behind the sample [88].

Deposition of Me layers by the plasma arc technique
Only EUROFER coatings were produced by plasma arc deposition. The diameter of the

EUROFER 97 cathode was 70mm, the distance between the substrate holder and the cathode

was 24 cm. The deposition chamber was evacuated to a pressure of 5.8 · 10−5 Pa by a turbo-
molecular pump prior to deposition. The coatings were deposited on both the planar samples

and fibres at a working pressure of 0.2Pa in an Ar atmosphere without applying a substrate

bias. The deposition rate and the maximum thickness were estimated to be 320 nmmin−1

and 10μm, respectively.

During initial depositions the arc was found to be unstable, moving onto a side surface of

the cathode; even standstill of the cathode spot was observed resulting in strong local melting.

This problem also appeared during magnetron sputtering due to ferromagnetic properties of

the cathode which strongly influenced the magnetic field distribution. Therefore, the arc

plasma source was redesigned with the aim of optimising the magnetic field and the electrode

system for arc focusing. It was done in collaboration with Efremov Institute (St.-Petersburg,

Russia). After that, deposition was successfully performed and a maximum coating thickness

of 30μm was measured. A specially designed fibre holder was also developed for the arc

facilities to provide a uniform deposition of the coatings on the fibres.

Deposition of Er2O3 layer by the plasma arc technique
Samples with the name of “CWErbia1” were coated using the plasma filtered arc de-

vice with the following parameters: discharge current 80A, QO2 25 sccm, RF induced VBias

−100V and substrate temperature 600 ◦C. The deposition rate and the layer thickness d were
100 nmmin−1 and ∼ 500 nm, respectively.
For the deposition of the samples with Er2O3 / EUROFER layers vacuum breaking was

the only option, since deposition of the oxide layer for the annealing experiments was per-

formed using the plasma filtered arc device while EUROFER was deposited using magnetron

sputtering. Before deposition of the EUROFER layer, the samples were analysed through a

number of investigation techniques. They were then etched in an Ar plasma for 1min under a

power density of 0.28Wcm−2 (390−400V) and were subsequently coated with an EUROFER
layer (∼ 500 nm). All the etching parameters for the Erbia1 samples were lower than those
for the other samples to avoid degradation of the oxide coating under ion bombardment but

at the same time still be able to remove surface contaminants.
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3.2.2 Substrate preparation

For the correct interpretation of the analysis of a thin layer of ∼ 50 nm in thickness, it is
necessary to use a substrate with roughness less than the layer’s thickness, i.e. a very smooth

substrate. The graphite substrate used in this work initially had a roughnessRa = 400 nm that

was assumed to be much higher than acceptable. Therefore the substrates were mechanically

polished prior to deposition with a final achieved value of Ra = 60nm. The polishing consisted

of three steps:

• primary polishing using hard chemical fibre cloth with 6μm diamond paste for 2min

• intermediate polishing using natural fibre cloth with 1μm diamond paste for 1min

• fine polishing using soft synthetic cloth with fine polishing suspension for 10 s.

The substrates were rinsed ultrasonically in isopropanol prior to loading into the deposition

chamber. They were then etched with an Ar plasma with a power density of 0.57Wcm−2

(560−600V) for 2min. This cleaning treatment was performed to avoid contamination of the
layer - substrate interface zone. The target was also cleaned in an Ar plasma for 2− 10min
depending on the oxidation level of the target material.

3.2.3 Annealing

To investigate the behaviour of the deposited samples under heat load during operation

and fabrication, annealing in the temperature range of 400 to 1000 ◦C was performed in a

high vacuum annealing apparatus. The upper limit was chosen according to the fact that the

hipping temperature during composite fabrication would be 1000 ◦C. Thin coatings with a

50 nm interlayer and 50 nm EUROFER layer were annealed at these temperatures, while the

thick coatings with 500 nm of each layer were annealed at only 750 ◦C which corresponds to

the maximum operating temperature of the composite.

The heating rate of 20Kmin−1 remained unchanged. The total working pressure during

heating and annealing was controlled to be (2−9) ·10−4 Pa. Only during annealing at 1000 ◦C
the pressure increased to about 2.2 · 10−3 Pa. The duration was 2 h for all the samples except
the samples consisting of thick W or Re / W layers. To investigate the behaviour of the latter

samples under long-term heat load they were heated for 2 and then 16 h.

3.2.4 Layer characterisation techniques

In this work, different techniques for the characterisation of the interface were used: SEM,

EDX, OES, XRD, and IBA (while utilizing 4He+ ions with an energy of 2MeV, this analysis

is called Rutherford BackScattering spectroscopy).

The comparative strengths and weaknesses for particular analytical applications are as

follow [24,89]:
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• EDX and IBA generally analyse the total thickness of a thin film (∼ 1μm) and often
some portion of a substrate as well. Unlike IBA with its depth resolution of ∼ 20 nm,
EDX has low depth resolution capability. EDX ordinarily detects elements with atomic

number Z > 11 and IBA is restricted only to selected combinations of elements whose

spectra do not overlap.

• The detection limits for EDX and IBA are similar ranging from about ∼ 0.1 to 1 at.%.

• Only IBA is quantitatively precise to within an atomic percent. It is the only non-

destructive technique that provides simultaneous depth and composition information.

SEM / EDX
SEM is one of the most widely employed film and coating characterization instruments.

In SEM analysis, only a small portion of the total image is probed at any moment and the

image is built up serially by scanning the probe. The most common imaging mode relies

on detection of secondary electrons (SE) possessing the lowest portion of the emitted energy

distribution [89]. Their very low energy means they originate from a subsurface depth no

larger than several angstroms. Resolution specifications based on research quality SEM s are

less than 2 nm.

Additionally, backscattered electrons (BSE) are high energy electrons which are elastically

scattered and essentially possess the same energy as the incident electrons. The probability

of backscattering increases with the atomic number Z of the sample material. Useful image

contrast can occur between specimen regions which differ widely in Z. Since the escape

depth for high energy backscattered electrons is much greater than for low energy secondary

electrons there is much less topological contrast in the image.

In EDX the electron beam serves to excite characteristic X-rays from the probed area of

a specimen.

In this work, a “Philips XL 30 ESEM” was used to acquire images from the samples in SE

or BSE modes and to investigate the layer composition with help of an interfaced EDX. The

beam energy used varied from 1 to 30 kV with a spot size of 1.0 to 10.0 and magnification

in the range from ×30 to ×40000. The resolution for gold in carbon was 6 nm, for lighter
elements it was worse at only 10− 20 nm.

OES
The method of OES is based on measurements of the radiation line and band intensity

of primarily excited particles, atoms and molecules. Excitation means the transfer of the

particles to their higher energetic states - electronic, oscillating or rotational, in which they

live for a short time. De-excitation leads to radiation with a certain wavelength to occur. A

certain emission spectrum corresponds to given excited atoms and molecules, and from this

fact a substance can be identified.
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With the help of a “SPECTRO ICP” system the layer composition was detected. The

layer on the sample was dissolved with 2ml of HCl acid; after the addition of up to 50ml of

the liquid, the solution was nebulized and then vaporized with an Ar plasma.

XRD
XRD methods exploit the fact that the spacing between atoms is comparable to the wave-

length of the X-rays. This results in easily detected beams of high intensity emitted in certain

directions when incident X-rays impinge at critical diffraction angles [90]. Under these con-

ditions the well-known Bragg relation holds:

niλ = 2a sin θd,

where λ is the wavelength, θd is the diffraction angle, a is the lattice parameter, and ni is an

integer value.

This technique is used to address all issues related to the crystal structure of bulk solids in-

cluding lattice constants and crystallography, identification of unknown materials, orientation

of single crystals and preferred orientation of polycrystals, defects, and stresses.

In bulk solids, large diffraction effects occur at many values of θd. In thin films, however,

very few atoms are present to scatter X-ray into a diffracted beam when θd is large. For this

reason, the intensities of the diffraction lines or spots will be unacceptably small unless the

incident beam strikes the film surface at a near glancing angle. This, in effect, makes the

film look thicker. Relative to bulk solids, thin films require long counting times to generate

enough signal for suitable X-ray diffraction patterns.

The crystalline structure and texture of the coatings were analysed by XRD using a

diffractometer with a Cu anode working at the power settings of 40 kV and 30mA.

IBA
The projectile ions loose their energy through electronic excitation and ionization of target

atoms. These electronic collisions are so numerous that the energy losses are considered to

be continuous with depth. Sometimes the fast moving light ions (usually 4He+) penetrate the

atomic electron cloud shield and undergo close impact collisions with the nuclei of the much

heavier stationary target atoms [90]. The resulting scattering from the Coulomb repulsion is

known as Rutherford scattering. Thus, it is classical two body elastic scattering. The collision

is insensitive to the electronic configuration or chemical bonding of target atoms and depends

solely on the masses and energies involved. A consequence of conserving energy is that

E1 =

⎧⎨⎩
q¡

M2 −M2
0 sin

2 θ
¢
+M0 cos θs

M0 +M

⎫⎬⎭
2

E0,

where E1 is the ion energy after collision, E0 is the primary ion energy, M0 is the ion mass,

M is the atom mass, and θs is the scattering angle. As MeV He ions traverse the solid,
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they lose energy along their incident path at a rate dE/dx between 30 and 60 eV/Å. The

value of dE/dx can be used to obtain the composition depth profiles from the energy spectra

of backscattered particles. In thin film analysis, the total energy loss ∆E into a depth t is

approximately proportional to t:

∆E =

tZ
dE

dx
dx ∼= dE

dx

¯̄̄̄
in

· t,

where dE/dx|in is evaluated at some average energy between the incident energy E0 and

E0 − t(dE/dx). For each broad elemental peak detected in the case of a thin film on a

substrate, therefore, the highest and lowest energies correspond to particles scattered at the

surface of the film and near the interface film - substrate, respectively. Thus, by measuring the

number and energy of backscattered ions, information on the nature of the elements present,

their concentration, and their depth distribution can be simultaneously acquired without

appreciable damage of the specimen.

The method of IBA was utilized on a “Tandetron HVEE” for investigations of the con-

centration depth profile of the coatings on the graphite substrate. The samples with a total

thickness of 100 nm were analysed with 2MeV 4He+ ions at an angle of incidence of 0 ◦,

exit angle of 15 ◦ and scattering angle of 165 ◦. Ions with an energy of 3.5MeV to 5MeV

were used for analysing the coatings with different thicknesses but mostly of 1μm. Depth

profiles were extracted from the backscattered energy distribution using the simulation code

SIMNRA 5.50 [91, 92]. This program gives a concentration depth profile in the units of

atom / m2. In order to obtain the depth in m, one has to divide the length scale by the local

layer density (atom / m3) [26]. The error of such a conversion is about 10% for thick layers,

while for thin ones it is higher. Due to detector resolution features, using 2MeV 4He+ ions

only isotopes with ∆M = 1 can be separated for atomic masses below approximately 40. At

values of M ≈ 200 only atoms for which ∆M > 20 can be resolved.
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4 Results

4.1 Characterisation of deposited layers

4.1.1 EUROFER

The surface structure of the deposited layers and their cross-sections were investigated

with a SEM. The sputtered coating had a good adhesion to the surface on all of the substrates.

A SEM image of the sample with the magnetron deposited layer is shown in Fig. 4.1.

Figure 4.1: SEM image of sputtered EUROFER layer (∼ 108 nm) on graphite substrate

(CSE33A3)

The sputtered layer possesses a fine structure and homogeneously covers the substrate

surface. Therefore substrate defects, such as pores or grooves due to polishing, are also visible

on the samples coated by the magnetron sputtering. On the contrary, however, samples coated

by plasma arc deposition reveal a coarse structure with drops and pores. The surface structure

and a cross-section of the sample with a EUROFER layer of 30μm are shown in Figs. 4.2a

and 4.2b, correspondingly. The presence of pore on the arc deposited coatings is assumed to

disappear during the hipping process that will be used to obtain a composite. The coatings

deposited by both PVD techniques onto the SiC fibre (see Fig. 4.3) have a homogeneous

thickness distribution around the fibre, which is important for the composite material.

Figure 4.2: SEM images of samples with arc deposited EUROFER layer (∼ 30μm) a) the
surface of the CW_W1A5 and b) a cross-section of the CS_TiN9A5
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Figure 4.3: SEM image of SiC fibre coated with both magnetron (∼180 nm) and arc (∼6 μm)

deposited EUROFER (SCS6E3A6)

Concerning the crystallographic analysis, EUROFER 97 was investigated by XRD as a

reference powder (see Fig. 4.4). The sputtered coating yields different intensities to those of

the powder and lacks some of the peaks due to the texture of the coating. Further texture

measurements of the sputtered EUROFER film show that the surface is oriented in the (110)

plane so that the layer exhibits a strong fibre texture around the surface normal. Stress

measurements are not possible due to this high texture.
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Figure 4.4: XRD spectrum of sputtered EUROFER layer in comparison with EUROFER 97

powder

To satisfy the demand for low impurity contamination in a coating, the magnetic configu-

ration of the magnetron magnets of the sputter deposition facility has been improved. Before

this change the maximum deposition rate was 0.5 nmmin−1 obtained at 0.8Pa of Ar pressure

and 11.3Wcm−2 of applied power density. The thickest layer of 180 nm was deposited using

these parameters within 6 h in a non-stop process. With the enhanced magnetron configura-

tion, the maximum deposition rate is found to be 24.7 nmmin−1 even at half the Ar pressure

of 0.4Pa and the lower applied power density of 4.5Wcm−2. Such a significant improvement
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allows decreasing the O contamination in the layer from 8.8 at.% to less than 1.5 at.% (see

Table 4.1).

The composition of the coatings was calculated from the results of two complementary

analyses, namely OES and IBA. The data from these analyses is presented in Table 4.1 in

comparison with the composition of the EUROFER 97 target [76]. The first two layers were

deposited in the magnetron device employing the magnetron with the standard cathode unit

and the enhanced one. The layer produced by plasma arc deposition was deposited before

the facility had been optimised. Using an OES analysis the content of Fe, Cr, and Mn in

mg l−1 was determined, whereas the relative concentration of C, O, W, and Fe+Cr+Mn was

obtained by IBA (see Fig. 4.5).

Target composition Film deposition with Film deposition with Film produced by
[76], standard magnetron enhanced magnetron plasma arc
[at.%] cathode unit, cathode unit, deposition,

[at.%] [at.%] [at.%]
Fe 89.2 74.0 85.9 87.2
Cr 9.5 8.8 10.1 11.6
Mn 0.4 0.4 0.4 0.8
W 0.3 0.3 0.3 0.4
O 0.6 8.8 1.8 ∗
C 0.005 7.7 1.5 ∗

Table 4.1: Composition of the target material EUROFER 97 and of the deposited layers in
atomic percent, * below detector limit

Figure 4.5: IBA spectrum from unheated EUROFER layer on graphite substrate (CWE41)
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It is impossible to separately determine the Fe, Mn and Cr contents using IBA due to

the detector’s limited resolution. In spite of the fact that W has a very low content in the

deposited layer, it can be evaluated with a good precision since the sensitivity of IBA increases

with increasing atomic number. In the plasma arc deposited layer, the concentration of O

and C contaminations were not determined due to the layer thickness and roughness.

Both types of layer, either sputtered with the enhanced cathode unit or arc deposited,

show a composition of the main elements very close to that of the target material.

4.1.2 Ceramics

In ceramic coating deposition, the influence of different parameters such as applied power

density q, partial pressure P , substrate bias VBias and substrate material were investigated.

The quality of the film was found to depend significantly on these parameters.

TiC
The “TiC” coating was produced in two different ways: dual magnetron sputtering of Ti

and C targets and standard RF magnetron sputtering of a TiC target.

The influence of the substrate on the layer structure is shown in Fig. 4.6. The sample

CWTiC4 with the graphite substrate as well as the sample SiCTiC4 with the SiC substrate

were coated at the same time. The images shown in Fig. 4.6a and b were taken from the

sample CWTiC4, where the image Fig. 4.6b was made by tilting. On the graphite, the coating

reveals cracking throughout the surface. The developed surface of the CWTiC4 has empty

hillocks (see Fig. 4.6b).

Figure 4.6: The influence of the substrate on the layer structure. SEM images of the “TiC4”

layer (125 nm) deposited on a) graphite substrate, b) graphite substrate with tilting of the

sample and c) SiC substrate
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This surface structure could probably be formed due to high compressive stress in the

layer during deposition, since the size of these formations (few μm) is much higher than the

layer thickness (125 nm). In contrast to the CWTiC4, the SiCTiC4 reveals a fine structure.

The defects, pores and grooves which are visible in Fig. 4.6c of the SiCTiC4, come from the

substrate.

For comparison of the influence of the deposition parameters, such as applied power density

and substrate bias, SEM images of coatings on a graphite substrate are shown in Fig. 4.7.

Figure 4.7: The influence of deposition parameters, such as applied power density to the

C target qC, standard and dual magnetron sputtering, and bias voltage VBias on the layer

structure: a) qC = 6.3Wcm−2, dual magnetron sputtering, VBias = 124V, the layer thickness

d = 125 nm; b) qC = 4.5Wcm−2, dual magnetron sputtering, VBias = 129V, d = 110 nm;

c) qTiC = 2.3Wcm−2, standard magnetron sputtering, VBias = 75V, d = 45nm; d) qC =

4.5Wcm−2, dual magnetron sputtering, changed every 5 min VBias = 176− 54V, d = 100 nm

The variation of applied power density qC to the C target and, at the same time, a constant

applied power qTi = 1.4Wcm−2 to the Ti target, changes the composition of the layer. The

composition of the layers investigated by IBA is presented in Table 4.2. With increasing q,

the C concentration also increases. Thus, during deposition with qC = 11.3Wcm−2 the layer

is found to consist of 35 at.% of Ti and 64 at.% of C. While at qC = 4.5Wcm−2 it contains

49 at.% of Ti and 47 at.% of C (CWTiC6). The same dependence of the coating stoichiometry

on q was observed in [93].

The samples CWTiC4 and CWTiC6 deposited at the same parameters with the exception

of qC (6.3Wcm−2 for CWTiC4 and 4.5Wcm−2 for CWTiC6) reveal not only composition

changes but also different layer structures. Thus, the CWTiC6 (see Fig. 4.7b) has bigger

and flatter hillocks than are observed for CWTiC4 (see Fig. 4.7a). A difference of 5 at.% is

observed in C content in the CWTiC4 and CWTiC6 layers. The deposition by sputtering of
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qC [W cm−2] qTiC [W cm−2] Ti [at.%] C [at.%]
CWTiC1 11.3 − 35 64
CWTiC4 6.3 − 45 52
CWTiC6 4.5 − 49 47
CWTiC10 − 2.3 42 54
CWTiC15 4.5 − 50 47

Table 4.2: Composition of the TiC layers deposited on graphite substrate in atomic percent

the TiC target (CWTiC10) results in a smoother layer (see Fig. 4.7c) in comparison to the

CWTiC4 or CWTiC6 but also reveals a higher C content. In this case it is impossible to vary

the C or Ti content by changing the applied power density. In all coatings produced by this

method the C content is found to lie in the range from 53 to 57 at.%.

The applied substrate bias VBias has been found to affect the layer structure. The CWTiC6

and CWTiC15 were deposited at the same parameters with the exception of VBias: for

CWTiC6 it was 119 − 129V and for CWTiC15 it was switching between 176V and 54V

every 5min. By using this cyclically varied VBias it is possible to build a dense layer (sample

CWTiC15 (see Fig. 4.7d)) which does not reveal such a developed layer structure with empty

hillocks as was observed for CWTiC6. Therefore, the CWTiC15 is not subjected to high

stress and, at the same time, the composition of the TiC layer remains the same.

The crystalline structure of the layers on both the glass and graphite substrates was

investigated by XRD analysis. The spectra are presented in Fig. 4.8. Due to its amorphous

structure and therefore absence of peaks from the substrate on a XRD pattern, the glass

substrate used for the experiment allows more convenient investigation of the crystalline

structure of the samples than other substrates. The coatings of glassTiC4 and glassTiC6

both possess a crystalline structure. The layers deposited by sputtering the TiC target reveal

an amorphous structure. Therefore, it can be concluded based on the composition as well

as the crystalline structure of the CWTiC10 sample coating, that sputtering of a single TiC

target is an inappropriate way of producing a C diffusion barrier.
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Figure 4.8: XRD spectra of TiC layers on a) glass and b) graphite substrates
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In contrast to the sputtering of a TiC target, deposition by dual sputtering of Ti and C

targets with cyclically varied VBias results in the right stoichiometry and a smooth layer with

a crystalline structure of CWTiC15 (see 4.8).

For TiC layers on the CWE_TiC1 and SiCE_TiC1 samples the deposition parameters of

CWTiC15 were used.

TiN
For the deposition of “TiN” coatings the reactive sputtering of a Ti target was utilized.

Several parameters of the process influenced the layer properties: applied power density q,

N2 partial pressure PN2 , the ratio R of the partial pressures of Ar and N2 (R = PAr/PN2) and

substrate material.

The SEM images of graphite substrates coated with “TiN” layers are shown in Fig. 4.9.

The influence of the variation of R on the layer structure is observed for the samples CWTiN1

(Fig. 4.9a), CWTiN6 (Fig. 4.9b), and CWTiN7 (Fig. 4.9c). The samples CWTiN1, CWTiN6,

CWTiN7 and CWTiN8 were coated with the following R: 6, 3, 15, and 3, correspondingly.

The CWTiN7 revealed a developed layer structure with empty hillocks, similar to the previ-

ously mentioned “TiC” coatings, possessing a high compressive stress. R = 3 seems to be the

optimum for achieving a fine layer structure. In [94] the author paid special attention to the

variation of R, where the best coating quality was obtained for R = 9.

The layers’ composition investigated by IBA is presented in Table 4.3. All coatings have

a composition close to stoichiometric TiN.

Figure 4.9: The influence of the ratio R of the partial pressures of Ar and N2 and applied

power density q on the layer structure: a) qTi = 2.3Wcm−2, R = 6, the layer thickness

d = 60nm, b) qTi = 2.3Wcm−2, R = 3, d = 65nm, c) qTi = 2.3Wcm−2, R = 15, d = 80nm,

and d) qTi = 6.8Wcm−2, R = 3, d = 350 nm
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R Ti [at.%] N [at.%]
CWTiN1 6 47 50
CWTiN6 3 45 47
CWTiN7 15 47 48
CWTiN8 3 47 51

Table 4.3: Composition of the TiN layers deposited on a graphite substrate in atomic percent

The deposition rate of the coatings of CWTiN1, CWTiN6, and CWTiN7 was very low,

0.5 nmmin−1. To increase this parameter, the applied power density q was increased. Another

way to increase the deposition rate was to vary the gas flow. Thus, during deposition of Me

layers raising the Ar gas flow and, as consequence, the partial pressure, leads to an increasing

of the deposition rate. However, it is not quite the same for the reactive sputtering case (see

subsection 3.2.1). In the “stoichiometric” deposition regime increasing of the reactive gas

flow, in this case N2, does not lead to a higher deposition rate. Therefore, it is only possible

to vary q to obtain a higher deposition rate. qTi was increased from 2.3Wcm−2 for CWTiN6

to 6.8Wcm−2 for CWTiN8, which resulted in the higher deposition rate of 2.9 nmmin−1

in contrast to the initial value of 0.5 nmmin−1. All other settings remained the same. As

distinct from the fine structure of the layer in the case of CWTiN6 (see Fig. 4.9b), the coating

of CWTiN8 cracked during deposition (see Fig. 4.9d). Fig. 4.10a and b were taken from the

same sample with and without sample tilting.

Figure 4.10: The influence of the substrate material on the layer structure (the layer thickness

350 nm): a) on graphite, b) on graphite, image with tilting applied, and c) on SiC

The layer is not only cracked but additionally some areas without any coating are observed.

Hence, the increasing of q leads to a serious layer degradation because at a high deposition

rate the surface energy is no longer the main driving force during the first stage of growth,

the accumulation of compressive stresses becomes the dominant process [95].
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The influence of the substrate material is shown for the case of graphite (CWTiN8) and

SiC (SiCTiN8) substrates in Figs. 4.10a and c. These two samples were coated at the same

time. In contrast to the CWTiN8, the SiCTiN8 (Fig. 4.10c) reveals a fine layer structure

without any defects. The pores visible on the image are actually defects of the SiC substrate.

The crystalline structure of the coatings were examined by XRD. The results of the analy-

sis are presented in Fig. 4.11. Both the layers of glassTiN1 and glassTiN6 demonstrate a

crystalline layer structure.
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Figure 4.11: XRD spectra of TiN layers on glass substrates

Consequently, based on these results, the deposition parameters used for CWTiN6 were

chosen for the deposition of a TiN interlayer and the ensuing annealing experiments.

ZrO2

“ZrO2” layers were formed by magnetron reactive sputtering similar to that used to produce

“TiN”, where in that case the deposition of the layer was made by the sputtering of Zr target

in reactive atmosphere of Ar and O2.

In [96] the influence of different parameters on the quality of ZrO2 layer was investigated.

It was found that the coating had an amorphous structure before and after annealing at

temperatures below 600 ◦C. As it was mentioned in subsection 3.2.1 devoted to a description

of the magnetron technique, the sputter device “Discovery 18DC/RF Research Magnetron

Sputter Deposition System” allows heating the samples to temperatures up to 600 ◦C. To

obtain a crystalline ZrO2 coating, the samples were therefore annealed after deposition. The

duration of annealing was 30min and the temperature 800 ◦C.

In Fig. 4.12 the SEM images of both SiC (SiCZrO25) and graphite (CWZrO25) substrates

coated with a ZrO2 layer (30 nm) before and after annealing are shown. The SiCZrO25 are

presented both with and without tilting (see Figs. 4.12a and c, and Figs. 4.12b and d). In the

image made by tilting the SiCZrO25 it is possible to observe the appearance of blisters. The

reason for the appearance is not annealing, since they are visible on the unheated samples as

well. The coating is about 40 nm in thickness, therefore the layer is too thin for the formation

of blisters of such size.
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Figure 4.12: The influence of the substrate material and annealing on the layer structure.

SEM images of samples coated with “ZrO2” layer (30 nm) with and without annealing at

800 ◦C for 30min: a) with SiC substrate, original , b) with SiC substrate, annealed, c) with

SiC substrate, original, SEM image from tilted sample, d) with SiC substrate, annealed, SEM

image from tilted sample, e) with graphite substrate, original, and f) with graphite substrate,

annealed.

Besides, the increased concentration of Ar in the near-surface zone of the substrate was

observed by means of IBA, as well as the rise of the roughness of the substrate surface.

Consequently, the blisters appeared in the SiC substrate due to Ar ion implantation by ap-

plying of bias during deposition. The blister formation did not appear in the case of other

as-deposited thin layers, since for Me layers the bias voltage was not applied to the substrate

during deposition and for other ceramic layers the lower values of VBias were used. In turn,

there is no blister formation on the CWZrO25 with graphite substrate observed. Annealing

of the CWZrO25 does not affect the layer structure (Fig. 4.12f). The ZrO2 layer reveals a fine

structure in both cases of SiCZrO25 and CWZrO25.

The composition of “ZrO2” layers was examined by IBA. Results of this analysis are

presented in Table 4.4. All the layers before and after the annealing possess a composition

close to stoichiometric ZrO2.

For experiments applying ZrO2 as a diffusion barrier the sample CWZrO26 with a layer
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Annealing Zr [at.%] O [at.%]
CWZrO25 - 30 67
CWZrO25 800 ◦C 31 66
CWZrO26 - 29 67
CWZrO26 800 ◦C 31 67

Table 4.4: Composition of the zirconia layers deposited on graphite substrate in atomic percent

thickness of 50 nm was produced but after annealing it revealed crack formation. Both samples

with and without annealing are presented in Fig. 4.13. The images were made in BSE mode

of SEM to provide a much less topological contrast to easily observe the crack formation.

One can see that the increase of the layer thickness results in the formation of the cracks after

annealing.

Figure 4.13: SEM images in BSE mode of graphite substrate coated with a “ZrO2” layer

with and without annealing at 800 ◦C for 30min (CWZrO26)

XRD analysis was made for the samples with and without annealing. The patterns reveal

no peaks corresponding to ZrO2, so crystalline ZrO2 coatings have not been formed. As

was mentioned in subsection 2.1, fast diffusion occurs within individual grain boundaries.

Therefore, in the layer with small grains the diffusion flow is fast, since the majority of mass

is transported through the grain boundaries. Due to this fact and the presence of cracks after

annealing, the coating has not been investigated as a diffusion barrier.

Er2O3

For coating a graphite substrate with “Er2O3”, two PVD techniques were used: the mag-

netron and filtered arc devices. In both cases the reactive sputtering of an Er target was

used. For magnetron reactive sputtering, a mixture of Ar and O2 was used to provide a

higher deposition rate than would be produced in a pure O2 atmosphere, i.e. without Ar. In

the filtered arc device only O2 was used. The principal difference between these two coating

techniques was that the magnetron deposition was performed without heating while the arc

deposition was done at a temperature of 600 ◦C.

In Fig. 4.14 the SEM images in BSE mode of graphite substrates coated with “Er2O3”

layers before and after annealing are shown. The samples CWEr2O32 and CWEr2O33 were de-

posited by magnetron sputtering and then annealed at 800 ◦C with heating rate of 20Kmin−1.
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The difference between these two samples is their thickness: the CWEr2O32 (Figs. 4.14a and

b) has a layer thickness of 160 nm, while the CWEr2O33 (Figs. 4.14c and d) has a thicker layer

of 460 nm. Crack formation after annealing is observed in both cases. In addition to cracks in

the thick layer (CWEr2O33) holes appear (Fig. 4.14d). To avoid crack formation, annealing

parameters such as temperature and heating rate were varied. In spite of this, the crack

propagation is also observed for the sample CWEr2O32 annealed at the lower temperature of

650 ◦C and the slower heating rate of 2Kmin−1.

In Fig. 4.15 the SEM images in BSE mode of the sample coated by the filtered arc device

are presented. The layer possesses a fine structure without any cracks. A defect on the surface

in the form of a groove belongs to the under lying graphite substrate.

Figure 4.14: SEM images in BSE mode of graphite substrate with “Er2O3” layer coated by

magnetron sputtering with and without annealing at 800 ◦C for 30min: a) original sample

(160 nm), b) annealed sample (160 nm), c) original sample (460 nm) and d) annealed sample

(460 nm)

Figure 4.15: SEM images in BSE mode of graphite substrate with “Er2O3” layer

(CWErbia1) coated by a filtered arc device at 600 ◦C
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In Table 4.5 the composition of all the layers on graphite substrates with and without

annealing is given. The layers deposited by magnetron sputtering have a higher O content

before annealing than after.

Annealing Er [at.%] O [at.%]
CWEr2O32 - 28 69
CWEr2O32 after deposition at 800 ◦C 36 61
CWEr2O33 - 28 71
CWEr2O33 after deposition at 800 ◦C 36 63
CWErbia1 during deposition at 600 ◦C 37 62

Table 4.5: Composition of the erbia layers deposited on graphite substrate in atomic percent

Perhaps, this redundant O has originally been incorporated in the layer defects and during

annealing diffused to the sample surface. The annealed layers, as well as the layer produced

by arc deposition, reveal a composition close to stoichiometric Er2O3.

The crystalline structure of the layers was examined by XRD (see Fig. 4.16). It was found

that the as-deposited CWEr2O32 possesses an amorphous structure, while after annealing the

peaks that appeared are well fitted with a pattern corresponding to Er2O3 (Fig. 4.16a). In

Fig. 4.16b an XRD pattern of the sample with two layers is given where Er2O3 serves as an

interlayer and on top of the sample a EUROFER layer is deposited. As in the case of the

annealed sputtered layer, the arc deposited layer reveals the same crystalline structure.

Finally, for the investigation of C diffusion in EUROFER through a Er2O3 layer, the

sample CWErbia1 coated by arc deposition was chosen.
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Figure 4.16: XRD spectra of Er2O3 layers on graphite substrates a) deposited by magnetron

sputtering (the layer thickness 160 nm) with and without follow-up annealing at 800 ◦C for

30min, b) Er2O3 layer deposited by the filtered arc device (the layer thickness 500 nm) at

600 ◦C in comparison with the Er2O3 layer (160 nm) deposited by magnetron sputtering and

annealed at 800 ◦C for 30min
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4.2 Annealed samples

For the annealing experiments, EUROFER coatings deposited by magnetron sputtering

with the enhanced magnetic configuration were used. Thick layers are described in more

detail than thin ones because the former allow more analyses to be applied.

4.2.1 EUROFER layer

The SiC fibres were coated by both the magnetron and arc techniques. To simulate

diffusion processes caused by heat loading during fabrication of theMMC and use at working

temperatures, the fibres with 180 nm of magnetron and ∼ 6μm of arc deposited coatings

(SCS6E3A6) were annealed at temperatures of 600 and 800 ◦C for a duration of 2 h. SEM

images of these specimens with and without annealing are shown in Fig. 4.17.

Figure 4.17: SEM images of SiC fibres coated by both the magnetron and arc techniques

with and without annealing: a) original, b) annealed at 600 ◦C, and c) annealed at 800 ◦C

(SCS6E3A6)

In Fig. 4.17a the fibre with both original layers is presented. The image was acquired from

the pristine specimen without any preparation. The annealed fibres were additionally coated

with Cu after annealing to protect layers from delamination during the following cross-section

preparation and then were embedded in resin. The outer coating of the fibre, SiC doped C,

reveals no difference in colour in the case of original sample, while for annealed coated fibres a

zone with other colour appears marked with orange lines (see Figs. 4.17b and c). Let us refer

this zone to as a reaction zone which is caused by the interdiffusion between the fibre and

layers that can result in the formation of new compounds. As seen from Fig. 4.17c, the strong

interdiffusion occurs between the elements of the EUROFER coating and the fibre even at
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a temperature of 800 ◦C. Consequently, after hipping at a temperature of 1000 ◦C part of

the fibre will be dissolved in the steel matrix, which means a degradation of the composite

properties. Obviously, more sophisticated analyses than SEM images are required to reveal

processes which appear in the reaction zone, since the change of colour can be hardly visible

or even mislead. But most of analyses are not applicable to fibres. Therefore, for a detailed

picture of the reaction zone and the diffusion behaviour in the presence of interlayers, planar

samples, pyrolytic graphite and SiC have been investigated.

Thin layer (50 nm of EUROFER)
Planar samples with a thin EUROFER layer of 50 nm in thickness were investigated by

SEM with and without annealing in the temperature range of 400 − 1000 ◦C for 2 h. The
images of the samples with the SiC substrate (SiCE41) are given in Fig. 4.18 and those with

graphite (CWE41) in Fig. 4.19. The as-deposited layer on both substrates reveals a fine

structure (Figs. 4.18a and 4.19a). The defects, such as pores and grooves, in the case of the

sample with SiC, belong to the substrate. The roughness of the graphite substrate is higher

than that of the SiC one (60 nm for graphite and only 5 nm for SiC), therefore the EUROFER

layer on graphite looks more rough than on SiC. The layer structure on both substrates does

not change due to annealing at 400 ◦C in contrast to that at 600 ◦C. The hole formation is

driven by surface diffusion and the beginning of crystal nucleation is observed for the SiCE41

sample after annealing at 600 ◦C (Fig. 4.18b). Higher temperatures of 750 and 1000 ◦C result

in further crystal growth. In addition, coalescence of the holes leads to a labyrinth-like layer

structure (Figs. 4.18c and d). EDX analysis of the crystal and the surrounding surface was

done for the SiCE41 annealed at 1000 ◦C. The main elements of the crystal are found to be

Fe and Cr, whereas the surrounding area contains only a small amount of Fe.

Figure 4.18: SEM images of samples with EUROFER layers on SiC with and without an-

nealing in the temperature range of 400− 1000 ◦C for 2 h (SiCE41)
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Figure 4.19: SEM images of samples with EUROFER layers on graphite with and without

annealing in the temperature range of 400− 1000 ◦C for 2 h (CWE41)

The structure of the EUROFER layer of CWE41 begins to change in the temperature

range 400 to 600 ◦C. The crystals formed at the surface of the sample after annealing at

600 ◦C consist of carbides (Fig. 4.19b). De-wetting of the formed carbide layer is observed in

the temperature range 600 to 1000 ◦C revealing poor wetting on graphite. This mechanism

was described in detail in [97,98]. A labyrinth-like structure of the sample annealed at 750 ◦C

(Fig. 4.19c) is an intermediate stage between holes and droplets formation. The holes appear

due to surface diffusion at temperatures between 600 and 750 ◦C. The droplets’ formation

(Fig. 4.19d), i.e. the final stage, is observed for the sample annealed at 1000 ◦C.

The layer composition of the SiCE41 and CWE41 samples with and without annealing

were investigated by IBA. In case of the sample with SiC substrate only the peaks of layer

elements with atomic numbers higher than that of Si (14) are seen, since they do not overlap

with the peak corresponding to Si. Therefore, in this case there is impossible to detect the C

and O contents in the EUROFER layer because the atomic numbers of C and O are 6 and 8,

respectively. The layer of SiCE41 reveals no difference in the layer composition to that of the

sample as-deposited or annealed at 400 ◦C for 2 h. For the sample annealed at 600 ◦C there is

no possibility to make a reliable estimation of the layer stoichiometry due to hole formation

observed with SEM. The results of IBA of the samples with graphite substrate CWE41 with

and without annealing are given in Fig. 4.20 and in Table 4.6. In Fig. 4.20a the concentration

depth profile is related to the as-deposited sample, while in Fig. 4.20b the plot for the sample

annealed at 600 ◦C is given. In spite of the fact that the layer structure does not change after

annealing at 400 ◦C, the layer composition reveals an increase in the C content up to 7 at.%,

in contrast to the as-deposited CWE41.
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Figure 4.20: Concentration depth profiles of EUROFER layers on graphite substrate

(CWE41) a) original and b) annealed at 600 ◦C for 2 h

Substrate Graphite
Layer EUROFER

Contamination C [at.%] O [at.%]
Original 2.0 2.0

Annealed at 400 ◦C 7.0 2.5
Annealed at 600 ◦C 19.0 1.5

Table 4.6: Mean contamination contents in the EUROFER layer with and without annealing
for 2h, in atomic percent

Further increasing of the annealing temperature results in higher layer contamination with

C. Thus, after heat treatment at 600 ◦C, 19 at.% of C is observed in the steel coating.

Thick layer (400 nm of EUROFER)
SEM images of the SiC and graphite substrates coated with 400 nm of EUROFER, with

and without annealing at 750 ◦C for 2 h, are presented in Fig. 4.21. The as-deposited samples

show a smooth surface. The sample with SiC substrate (SiCE43) reveals transformations

after treatment similar to those on the SiCE41 (thin EUROFER layer of 50 nm on SiC).

Hole formation in the EUROFER coating followed by agglomeration and growth of crystals

are main features of the heated layer on the SiC substrate. In contrast to the SiCE43,

after annealing the layer on graphite (CWE43) remains smooth however additionally crack

propagation is observed.

In Fig. 4.22 results of XRD measurements are presented. The analysis was done only for

the CWE43 sample, since in the case of the SiCE43, serious layer degradation was observed.

The black line on the plot is related to the pattern of the as-deposited steel layer, while the red

one characterises the annealed CWE43. A comparison of them brings to light the appearance

of the cementite, i.e. Fe3C phase, represented with a number of peaks.
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Figure 4.21: SEM images of samples EUROFER layers on SiC and graphite substrates with

and without annealing at 750 ◦C for 2 h (SiCE43 and CWE43): a) and b) SiCE43, c) and

d) CWE43
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Figure 4.22: XRD spectra of samples with a EUROFER layer on graphite substrate with and

without annealing at 750 ◦C for 2 h (CWE43)

A concentration depth profile in the reactive zone of the sample CWE43 is given in

Fig. 4.23. As it was for the XRD spectra, the profiles of original and annealed samples

are shown together for comparison. In Table 4.7 the mean contents of C and O in the EU-

ROFER layer are presented. Heat treatment results in the interdiffusion of elements of both

layer and substrate. Thus, the mean C concentration in the steel after annealing at 750 ◦C

for 2 h is found to be of 27 at.% (7.2 wt.%). Data on the annealed CWE43 sample have been

used for the calculation of the diffusion coefficient of C in EUROFER, which will be described

in subsection 4.3.

60



0 100 200 300 400
0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600
0

10

20

30

40

50

60

70

80

90

100

b)a)

CEU R O FER

 EU R O FER       C     O

C
on

ce
nt

ra
tio

n 
[a

t.%
]

D epth [nm ]

CEU R O FER

C
on

ce
nt

ra
tio

n 
[a

t.%
]

D epth [nm ]

Figure 4.23: Concentration depth profiles of EUROFER layers on graphite substrate

(CWE43) a) original and b) annealed at 750 ◦C for 2 h

Substrate Graphite
Layer EUROFER

Contamination C [at.%] O [at.%]
Original 1.5 1.0

Annealed at 750 ◦C 27.0 1.0

Table 4.7: Mean contamination contents in the EUROFER layer with and without annealing
for 2h, in atomic percent

4.2.2 EUROFER layer with Me interlayer

Different metallic interlayers have been investigated as diffusion barriers to suppress C

diffusion in EUROFER.

Ti
As a first attempt, a Ti interlayer was selected because the SiC fibres used in this work

were originally specified for application with a Ti matrix.

Thin layers (40 nm of Ti / 50 nm of EUROFER)
The samples with thin Ti (40 nm) and thin EUROFER (50 nm) layers on both SiC (SiCE_Ti2)

and graphite (CWE_Ti2) substrates were annealed in the temperature range 400 to 1000 ◦C

for 2 h. SEM images of these samples are presented in Figs. 4.24 and 4.25. The layer surfaces

remain smooth after annealing at 400 ◦C, while at 600 ◦C both samples appear to change.

Hole formation is observed in the layers of the SiCE_Ti2 sample (Fig. 4.24b). An increase in

the annealing temperature leads to layer agglomeration. The heterogeneous structure of the

layer related to the SiCE_Ti2 heated to 1000 ◦C (Fig. 4.24d) has white formations that have

been investigated further by EDX. They are found to consist mainly of Fe, whereas the grey

areas have more Ti than Fe. The grains seen on the image belong to the SiC substrate.
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Figure 4.24: SEM images of samples with Ti / EUROFER layers on SiC with and without

annealing in the temperature range of 400− 1000 ◦C for 2 h (SiCE_Ti2)

Figure 4.25: SEM images of samples with Ti / EUROFER layers on graphite with and

without annealing in the temperature range of 400− 1000 ◦C for 2 h (CWE_Ti2)

In contrast to the SiCE_Ti2 sample, the CWE_Ti2 shows white particles that appear on

the surface under annealing at 600 ◦C (Fig. 4.25b) and grow further with increased tempera-

tures. The steel layer after annealing at 1000 ◦C (Fig. 4.25d) agglomerates at vertices formed

by grains due to surface diffusion. The white particles consist of a higher Fe content than in

the surrounding, as was observed for the SiCE_Ti2 sample. The rest of the layer shown in

the SEM image in Fig. 4.25d has high Ti concentration and small amount of Fe.
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In Fig. 4.26 and Table 4.8 the results of IBA for original and annealed samples are given.

There is no difference found between the concentration depth profiles of the as-deposited and

heated SiCE_Ti2 samples at 400 ◦C. IBA investigation of the samples with SiC substrate

annealed at higher temperatures would be incorrect, since hole formation and layer agglom-

eration were observed (see Fig. 4.24b). In contrast to SiCE_Ti2, the Ti and Fe layers of the

sample with graphite substrate CWE_Ti2 start to mix already at 400 ◦C. Additionally, C

diffusion in the Ti layer results in 20 at.% of C in contrast to 9 at.% in the as-deposited layer.

After annealing at the higher temperature of 600 ◦C, Ti diffuses through the steel layer and

accumulates at the surface of the sample. Therefore, its concentration at the surface is found

to be higher than in the EUROFER layer. High Fe and C contents are detected in “Ti” layer:

24.5 and 31.0 at.%, correspondingly.
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Figure 4.26: Concentration depth profiles of Ti / EUROFER layers on graphite substrate

(CWE_Ti2) a) original and b) annealed at 600 ◦C for 2 h

Substrate SiC Graphite
Layer EUROFER EUROFER Ti

Contamination Ti C O Ti C O Fe
[at.%] [at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

Original − 4.0 2.0 − 9.0 3.0 −
Annealed at 400 ◦C − 3.0 3.0 1.0 20.0 5.0 2.0
Annealed at 600 ◦C 6.5 2.0 12.0 31.0 4.0 24.5

Table 4.8: Mean contamination contents in the EUROFER layer with thin Ti interlayer with
and without annealing for 2h, in atomic percent

Thick layers (500 nm of Ti / 500 nm of EUROFER)
The samples with a 500 nmTi layer and the same thickness of EUROFER on SiC (SiCE_Ti3)

(Figs. 4.27a and b) and graphite (CWE_Ti3) (Figs. 4.27c and d) substrates were annealed

at 750 ◦C for 2 h and further investigated by a number of techniques. The as-deposited layers

of both the SiCE_Ti3 and CWE_Ti3 samples have a smooth surface (Figs. 4.27a and c).
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Figure 4.27: SEM images of samples with Ti / EUROFER layers on SiC and graphite

substrates with and without annealing at 750 ◦C for 2 h: a) and b) SiCE_Ti3; c) and

d) CWE_Ti3

In contrast, the annealed SiCE_Ti3 sample reveals not only crack propagation but also

partial layer delamination. Only a small part of the layers of the CWE_Ti3 sample remains

at the surface after annealing (Fig. 4.27d). Crack formation and partial layer delamination are

observed in this part. Hole formation together with the appearance of particles are observed

on both the SiCE_Ti3 and CWE_Ti3 samples.

The IBA and XRD investigations were not conducted due to the inappropriate surface

conditions of these samples.

Cr
Cr has been chosen for suppression of C diffusion in EUROFER because of the low diffusivity

of C in Cr. In addition, Fe has medium diffusivity in Cr which could help protect the layers

from mixing and could also result in a good bonding due to interdiffusion.

Thin layers (50 nm of Cr / 50 nm of EUROFER)
The samples with a thin Cr (50 nm) and thin EUROFER (50 nm) layers on SiC (SiCE_Cr1)

and graphite (CWE_Cr1) substrates were annealed in the temperature range 400 to 1000 ◦C.

SEM images of these samples are shown in Figs. 4.28 and 4.29. The defects, pores, grooves

from polishing, and cracks that appear in the images are related to the substrates. There

is no difference observed between the original samples and those annealed at 400 ◦C on

both substrates. The layers reveal a smooth structure in both the cases of SiCE_Cr1 and

CWE_Cr1 as-deposited and annealed at temperatures up to 750 ◦C. Holes appear in the

layer of SiCE_Cr1 at 600 ◦C due to surface diffusion (Fig. 4.28b).
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Figure 4.28: SEM images of samples with Cr / EUROFER layers on SiC annealed in the

temperature range of 400− 1000 ◦C for 2 h (SiCE_Cr1)

Figure 4.29: SEM images of samples with Cr / EUROFER layers on graphite annealed in

the temperature range of 400− 1000 ◦C for 2 h (CWE_Cr1)

Annealing at 750 ◦C intensifies this process and further growth of the holes is detected for

the layers of SiCE_Cr1 (Fig. 4.28c). Small crystals are built on the surface during annealing

at 1000 ◦C (Fig. 4.28d). The zones presented on the image as bright areas consist mainly of

Fe and Cr, whilst grey areas have more Cr and only a small amount of Fe.

Crack initiation is observed on CWE_Cr1 caused by annealing at 600 ◦C with further

propagation at higher temperature of 750 ◦C (Figs. 4.29b and c). In addition, the layer
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reveals the appearance of precipitates in the form of white specks at this temperature. Due to

the small size of these formations it was impossible to carry out EDX analysis of the specks.

The arrangement of the holes observed on the layers of CWE_Cr1 after annealing at 1000 ◦C

(Fig. 4.29d) repeats grain boundaries of the underlying substrate.

Diffusion interaction between the layers and substrates caused by annealing was investi-

gated by means of IBA. The samples annealed at temperatures above 600 ◦C were not exam-

ined, since at these temperatures the layers appeared to not cover the substrate completely.

The results of the analysis are given in Figs. 4.30 and 4.31, and Table 4.9 for both substrates.

In Table 4.9 the value of Cr diffused from the interlayer into EUROFER is written as the

concentration of Cr (interlayer) in EUROFER. After annealing at 400 ◦C the Cr concentra-

tion in the steel for SiCE_Cr1 remained the same 10 at.% as in the original EUROFER layer

within the error limits, whereas Fe diffused into the Cr interlayer and its concentration was

6 at.%. For CWE_Cr1 the content of Cr in EUROFER in the steel increased by 4 at.%, i.e.

the total content of Cr in the EUROFER layer after annealing was 14 at.%.
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Figure 4.30: Concentration depth profiles of Cr (interlayer) / EUROFER layers on SiC sub-

strate (SiCE_Cr1) a) original and b) annealed at 400 ◦C
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Figure 4.31: Concentration depth profiles of Cr (interlayer) / EUROFER layers on graphite

substrate (CWE_Cr1) a) original and b) annealed at 400 ◦C
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Furthermore, 4 at.% of Fe was observed in Cr due to interdiffusion between these two layers

for the sample CWE_Cr1. Consequently, the Cr and EUROFER layers started to react at

temperatures below 400 ◦C. Additionally, the C content in both the layers of CWE_Cr1 rose.

After annealing at 600 ◦C the Cr and EUROFER layers appeared to be completely mixed for

both SiCE_Cr1 and CWE_Cr1, i.e. the Cr content in EUROFER and the Fe content in Cr

were so high that peaks in IBA spectra corresponded to Cr and Fe overlapped completely.

Therefore, the word of “mixture” is given in the columns of Table 4.9 instead of the Cr and

Fe concentration values. As for C, its content increased up to 31 at.% in “EUROFER” and

to 36 at.% in “Cr” of CWE_Cr1.

Substrate SiC Graphite
Layer EUROFER EUROFER Cr

Contamination Cr (interlayer) C O Cr (interlayer) C O Fe
[at.%] [at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

Original − 3.0 3.5 − 8.0 3.5 −
Annealed at 400 ◦C − 4.0 3.5 4 10.0 3.5 4.0
Annealed at 600 ◦C mixture 31.0 3.0 mixture 36.0 3.0 mixture
Table 4.9: Mean contamination contents in the EUROFER layer with thin Cr interlayer with
and without annealing for 2h, in atomic percent

Thick layers (500 nm of Cr / 500 nm of EUROFER)
The samples consisting of 500 nm of Cr and 500 nm of EUROFER layers on SiC (SiCE_Cr4)

and graphite (CWE_Cr4) substrates with and without annealing are presented in Fig. 4.32.

Figure 4.32: SEM images of samples with Cr / EUROFER layers on SiC and graphite

substrates with and without annealing at 750 ◦C for 2 h (SiCE_Cr4 and CWE_Cr4): a) and

b) SiCE_Cr4, c) and d) CWE_Cr4
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The as-deposited layer reveals a smooth structure for both SiCE_Cr4 and CWE_Cr4

(Figs. 4.32a and c). Annealing of the SiC_Cr4 results in a sponge-like structure of the layer.

On the SEM image (Fig. 4.32b) the bright areas are related to the rest of the layer, while

the dark areas show the substrate located beneath. On graphite substrate the layers become

cracked and form grains, differing from the grains of the substrate (Fig. 4.32d).

In Fig. 4.33 the results of XRD measurements are given. A comparison of the patterns

of the original (black line) and annealed (red line) SiCE_Cr4 sample (see 4.33a) brings to

light the appearance of new phases caused by mixing of the layers and decomposition of the

substrate. Thus, peaks related to the new phases of Fe3Si, M23C6, (Fe, Cr)23C6, and M7C3,

(Fe, Cr)7C3, are found on the surface. For CWE_Cr4 the formation of new phases is also

observed (see Fig. 4.33b), namely the peaks of cementite, Fe3C, and Cr carbide, Cr7C3, are

clearly seen on the signature of the annealed sample.
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Figure 4.33: XRD spectra of samples with Cr / EUROFER layers a) on SiC and b) on

graphite substrates with and without annealing at 750 ◦C for 2 h (SiCE_Cr4 and CWE_Cr4)

Due to the structure of the annealed SiCE_Cr4 it was not possible to carry out IBA

investigations of the sample, therefore in Table 4.10 data of IBA analysis for CWE_Cr4 are

only presented.

Substrate Graphite
Layer EUROFER

Contamination C [at.%] O [at.%] Cr (interlayer) [at.%]
Original 1.0 2.0 −

Annealed at 750 ◦C 30.0 2.0 mixture
Table 4.10: Mean contamination contents in the EUROFER layer with thick Cr interlayer
with and without annealing for 2h, in atomic percent

As was observed on thin layers of both SiCE_Cr4 and CWE_Cr1, annealing results in

complete mixing of the layers of EUROFER and Cr. In addition to mixing, C has diffused

through this newly formed layer and its concentration is 30 at.% near the sample’s surface. Fe
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and Cr peaks overlap due to interdiffusion and it is impossible to detect their concentrations

in the layers. Therefore, the concentration depth profile is not presented.

W
W has been chosen as a diffusion barrier for several reasons: low diffusion of C in W, low

diffusion of Fe in W, and low self-diffusion of W. W forms carbides, therefore, during lengthy

annealing C diffusion is assumed to be suppressed better than without annealing due to WC

formation, since C diffusion is lower in WC than in pure W.

Thin layers (50 nm of W / 50 nm of EUROFER)
The samples with thin W (50 nm) and thin EUROFER (50 nm) layers on SiC (SiCE_W1)

and graphite (CWE_W1) substrates were annealed in the temperature range from 400 to

1000 ◦C and SEM images of the samples are presented in Figs. 4.34 and 4.35. The layers on

both substrates reveal a smooth surface before annealing (Figs. 4.34a and 4.35a). In the case

of the SiCE_W1 sample not only are grooves from polishing observed but also pores of the

substrate material become apparent on the layer surface. There are no visible changes seen in

the layer structure of the original sample or the annealed one at temperatures below 600 ◦C

(Fig. 4.34b). Layer mixing and agglomeration are observed for both SiCE_W1 and CWE_W1

annealed at 750 and 1000 ◦C (Figs. 4.34c and d, Figs. 4.35c and d). The precipitates that

appeared at temperatures between 600 and 750 ◦C, start to join. These precipitates are clearly

visible, especially in BSE mode, due to the difference in the atomic numbers of Fe (26) and W

(74). In addition to precipitates, crack propagation is a distinctive feature for the CWE_W1

sample (Fig. 4.35c).

Figure 4.34: SEM images of samples with W / EUROFER layers on SiC with and without

annealing in the temperature range of 400− 1000 ◦C for 2 h (SiCE_W1)
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Figure 4.35: SEM images of samples with W / EUROFER layers on graphite with and

without annealing in the temperature range of 400− 1000 ◦C for 2 h (CWE_W1)

Upon annealing at 1000 ◦C crystals have been formed in both SiCE_W1 and CWE_W1.

They are located directly on the substrate without any layer near their boundaries. The rest

of the layer has a fine grain structure.

In Figs. 4.36 and 4.37 the results of IBA for original and annealed samples are shown. For

clarity, the axis corresponded to the concentration of SiCE_W1 is made with a break. In

Table 4.11 the contamination contents in the layers of SiCE_W1 and CWE_W1 are given.

In the Table 4.11 the value for W diffused from the interlayer into EUROFER is given as the

concentration of W (interlayer) in EUROFER.
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Figure 4.36: Concentration depth profiles of W (interlayer) / EUROFER layers on SiC sub-

strate (SiCE_W1) a) original and b) annealed at 600 ◦C
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Figure 4.37: Concentration depth profiles of W (interlayer) / EUROFER layers on graphite

substrate (CWE_W1) a) original and b) annealed at 600 ◦C

Substrate SiC Graphite
Layer EUROFER EUROFER W

Contamination W (interlayer) C O W (interlayer) C O
[at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

Original − 4.0 3.0 − 11.0 4
Annealed at 400 ◦C − 4.0 4.5 − 13.0 6
Annealed at 600 ◦C 0.4 5.0 4.0 0.8 15.0 4

Table 4.11: Mean contamination contents in the EUROFER layer with thin W interlayer with
and without annealing for 2h, in atomic percent

In the original W layer of CWE_W1 the C contamination of 6 at.% was observed, which

increased to 15 at.% upon approaching the substrate. There are no changes found in the

profiles of both SiCE_W1 and CWE_W1 after annealing at 400 ◦C, while annealing at 600 ◦C

affects both C and W diffusion. For SiCE_W1, the W content of 0.4 at.% was higher than

that in the original sample, i.e. the total content of W in the EUROFER layer after annealing

was 0.7 at.%, since the content of W in the as-deposited EUROFER was 0.3 at.%. In the

case of CWE_W1, C and additional W diffused from the W interlayer were observed in

the EUROFER layer with the concentrations of 5 at.% and 0.8 at.%, respectively. The C

concentration profile in the W interlayer had a step, thus near the steel only 8 at.% of C was

detected, while near the substrate it was 20 at.%.

Thick layers (500 nm of W / 500 nm of EUROFER)
SEM images of the samples with 500 nm of W / 500 nm of EUROFER layers on SiC

(SiCE_W2) and graphite (CWE_W2) substrates with and without annealing at 750 ◦C for 2

or 16 h are presented in Figs. 4.38 and 4.39, correspondingly. The original samples and those

annealed for 2 h show a smooth layer structure (see Figs. 4.38a and b, and Figs. 4.39a and

b). The annealed SiCE_W2 and CWE_W2 reveal a heterogeneous structure that appears as

white specks on the images taken by means of BSE. An EDX analysis of them is impossible
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due to their small size. Annealing for a longer duration time results in infrequently disposed

crystal growth for SiCE_W2 (as shown on the image with a low magnification, Fig. 4.38c).

Crack formation and partial layer delamination were observed in the case of the sample with

graphite substrate CWE_W2 (Fig. 4.39c).

Figure 4.38: SEM images of samples with W / EUROFER layers on SiC with and without

annealing at 750 ◦C for 2 and 16 h (SiCE_W2): a) magnification ×10000, b) magnification
×10000, c) magnification ×500 and d) magnification ×10000

Figure 4.39: SEM images of samples withW/ EUROFER layers on graphite with and without

annealing at 750 ◦C for 2 and 16 h (CWE_W2): a) magnification ×10000, b) magnification
×10000, c) magnification ×500 and d) magnification ×10000
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The XRD spectra of the original and annealed samples (see Fig. 4.40) demonstrate a big

difference between the layers of SiCE_W2 and CWE_W2. In Fig. 4.40a three spectra are

given belonging to the SiCE_W2: the original sample (black line); the sample annealed for

2 h (red line); and the sample annealed for 16 h (blue line). No new phases appear due to these

heat treatment procedures, while peaks of new compounds are observed for the CWE_W2

due to C and W diffusion. Therefore, for the following calculation of the diffusion coefficient

of W in EUROFER (described in subsection 4.3) the SiCE_W2 has been taken. In this

case there are no compounds formed with substrate elements which can influence the rate of

interdiffusion between layers.
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Figure 4.40: XRD spectra of samples withW / EUROFER layers a) on SiC and b) on graphite

substrates with and without annealing at 750 ◦C for 2 and 16 h (SiCE_W2 and CWE_W2)

In Fig. 4.40b three spectra are given for the CWE_W2 in the same order as for the

SiCE_W2: the original sample (black line); the sample annealed for 2 h (red line) with a

Fe3W3C phase with peaks corresponded to the planes (511), (440), (551), and (731); and the

sample annealed for 16 h (blue line) with the same Fe3W3C phase with addition of one more

peak (400) and a new phase of W2C with the peaks (100), (002), (101), (102), (110), and

(103). The position of both the phases on the spectra are in a good agreement with XRD

literature patterns.

The interdiffusion of EUROFER and W layers was investigated by analysing the IBA

spectra of the SiCE_W2 sample with and without annealing. The concentration depth profiles

are given in Fig. 4.41: a) spectrum of the original sample, b) spectrum of the sample annealed

at 750 ◦C for 2 h, and c) spectrum of the sample annealed at 750 ◦C for 16 h. Additional W

from the interlayer diffuses through EUROFER and its mean concentration in the steel layer

after annealing for 2 h is 7.4 at.%, while after longer annealing of 16 h it rises up to 15.9 at.%.

Therefore, the total W content in the EUROFER layer after annealing procedures is 7.7 at.%

and 16.2 at.% for the samples annealed for 2 and 16 h, correspondingly.
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Figure 4.41: Concentration depth profiles of a) original, b) annealed at 750 ◦C for 2 h and c) an-

nealed at 750 ◦C for 16 h samples with W (interlayer) / EUROFER layers on SiC (SiCE_W2)

In contrast to the spectrum in Fig. 4.41b, the spectrum in Fig. 4.41c contains only the

concentration depth profile within the “EUROFER” layer. In this case it is impossible to de-

tect the composition of the “W” layer due to intermixing of the EUROFER layer components

and W because of the peaks overlapping. Values of the mean concentration of additional W

diffused from W interlayer for all the samples are shown in Table 4.12.

Substrate SiC Graphite
Layer EUROFER EUROFER W

Contamination W (interlayer) C O W (interlayer) C O
[at.%] [at.%] [at.%] [at.%] [at.%] [at.%]

Original − 2.0 2.0 − 3.0 2.0
Annealed for 2 h 7.4 3.0 2.0 5.5 8.0 2.5
Annealed for 16 h 15.9 7.0 2.0 6.9 15.5 2.5

Table 4.12: Mean contamination contents in the EUROFER layer with thick W interlayer
with and without annelaing at 750C, in atomic percent

To investigate C and W diffusion into the EUROFER layer of the CWE_W2 sample, the

concentration depth profiles were analysed. In Fig. 4.42 the profiles of the original sample an-

nealed for 2 h and 16 h are plotted. For convenience, the same data is also given in Table 4.12.

Only 3.0 at.% of the mean C content is found in the EUROFER layer after annealing for 2 h

in comparison to 2.0 at.% of C in the original layer. The layers do not mix completely, while

the mean W concentration in the steel is increased by 5.5 at.% for the CWE_W2 sample,

i.e. the total content of W in the EUROFER layer after annealing is 5.8 at.%. Mixing of the

W layer with EUROFER and C diffusion are more pronounced upon annealing over 16 h (see

Fig. 4.42c).
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Figure 4.42: Concentration depth profiles of a) original, b) annealed at 750 ◦C for 2 h and

c) annealed at 750 ◦C for 16 h samples with W (interlayer) / EUROFER layers on graphite

(CWE_W2)

In this case, the mean concentrations of additional W diffused from the W interlayer and C

detected in the steel are 6.9 at.% and 7.0 at.%, whereas in the W interlayer itself the C content

is 15.5 at.%. A comparison of the mean concentration of additional W in the EUROFER layer

after annealing the SiCE_W2 and CWE_W2 samples for 2 h and 16 h reveals a higher W

content in case of the sample with the SiC substrate than that with graphite.

Re
Re was chosen for the suppression of C diffusion in the EUROFER layer due to the fact

that it does not form carbides and C has a very low solubility in it (see more details in sub-

section 2.2.2). On the other hand, it forms compounds with Fe (described in subsection 2.2.3)

which can serve as a good bonding between Re and EUROFER layers.

Thin layers (50 nm of Re / 50 nm of EUROFER)
The samples were investigated by means of SEM with and without annealing; the images

of SiCE_Re1 and CWE_Re1 samples are shown in Figs. 4.43 and 4.44, respectively. The

layers of SiCE_Re1 reveal a smooth surface structure both before and after annealing at

600 ◦C (Figs. 4.43a and b). The grooves seen in the images come from substrate polishing

imperfections: due to its small thickness and fine coating structure produced by magnetron

sputter deposition the layers just repeat the substrate’s surface structure. The layers of

CWE_Re1 reveal a rough surface because of the high roughness of the graphite substrate

itself even after polishing. The layers of SiCE_Re1 react intensively in the temperature

range of 600 − 750 ◦C (Figs. 4.43b and c), while for the CWE_Re1 it happens earlier at

600 ◦C (Fig. 4.44b).
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Figure 4.43: SEM images of samples with Re / EUROFER layers on SiC with and without

annealing in the temperature range of 400− 1000 ◦C for 2 h (SiCE_Re1)

Figure 4.44: SEM images of samples with Re / EUROFER layers on graphite with and

without annealing in the temperature range of 400− 1000 ◦C for 2 h (CWE_W1)

Small crystallites of carbide are formed (sample CWE_Re1 Fig. 4.44b) and they have

a similar composition to that of the surrounding areas since the SEM images made in BSE

mode do not show any locations on the surface with a different contrast. Seemingly, the white

particles appear during annealing at 750 ◦C (Fig. 4.44c) because of the higher content of Re

in the particles than in the rest of the layer. This is also confirmed by the SEM images made

in BSE mode, since Re has higher atomic number than Fe (75 against 26). The arrangement
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of the particles follows the grain boundaries. At temperatures of 750 to 1000 ◦C the layers of

both SiCE_Re1 and CWE_Re1 are mixed (Figs. 4.43c and d, and Figs. 4.44c and d). The

SEM images in BSE mode of the layers annealed at 750 and 1000 ◦C show the presence of

two different phases with a low and high content of Re. The white particles and precipitates

are observed on the layer surface of the SiCE_Re1 annealed at 1000 ◦C (Fig. 4.43d). The

dimensions of these formations are too small to make their detailed investigation by EDX

possible. Based on the picture contrast, one can make the assumption that the precipitate

consists mainly of Fe with additions of Re, while the white particles have much higher Re

content.

Diffusion interaction between the layers caused by annealing was investigated utilizing

IBA on the samples annealed at temperatures up to 600 ◦C, since at higher temperatures the

layers were found to cover the substrate incompletely. The results are presented in Fig. 4.45 for

SiCE_Re1 and in Fig. 4.46 for CWE_Re1 and Table 4.13. For clarity, the axis corresponding

to the concentration of SiCE_Re1 is made with a break.

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

80

90

100

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

80

90

100

S iCR eEU R O FER

 EU R O FER       R e

C
on

ce
nt

ra
tio

n 
[a

t.%
]

D epth [nm ]

b)a)

S iCR eEU R O FER

C
on

ce
nt

ra
tio

n 
[a

t.%
]

D epth [nm ]

Figure 4.45: Concentration depth profiles of Re / EUROFER layers on SiC substrate

(SiCE_Re1) a) original and b) annealed at 600 ◦C for 2 h
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Figure 4.46: Concentration depth profiles of Re / EUROFER layers on graphite substrate

(CWE_Re1) a) original and b) annealed at 600 ◦C for 2 h
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Annealing at 400 ◦C does not change anything in terms of the layer composition of both

SiCE_Re1 and CWE_Re1. At 600 ◦C Re diffuses into the EUROFER layer and its concen-

tration is 0.3 at.% in the case of SiCE_Re1 and 0.6 at.% in the case of CWE_Re1. In addition

to Re in the EUROFER layer of CWE_Re1, the C concentration is found to increase up to

9 at.%. A lower amount of C, about 6 at.%, is observed in the Re interlayer of CWE_Re1

(see Fig. 4.46b).

Substrate SiC Graphite
Layer EUROFER EUROFER Re

Contamination Re [at.%] C [at.%] O [at.%] Re [at.%] C [at.%] O [at.%]
Original − 3.0 3.0 − 3.0 4.0

Annealed at 400 ◦C − 3.0 2.0 − 3.0 2.0
Annealed at 600 ◦C 0.3 9.0 3.5 0.6 6.0 3.5

Table 4.13: Mean contamination contents in the EUROFER layer with thin Re interlayer
with and without annealing for 2h, in atomic percent

Thick layers (500 nm of Re / 500 nm of EUROFER)
The samples consisting of 500 nm of Re / 500 nm of EUROFER layers on SiC (SiCE_Re2)

and graphite (CWE_Re2) substrates with and without annealing are presented in Fig. 4.47.

Both the samples show a smooth surface before and after annealing. The only difference is that

after annealing precipitate formation on the SiCE_Re2 looks like light specks (Fig. 4.47b),

while on the surface of CWE_Re2 white particles are observed (Fig. 4.47d). These new

uniformly distributed formations are also visible in the BSE mode of SEM, therefore they

consist mainly of more heavy elements than the rest of the layer.

Figure 4.47: SEM images of samples with Re / EUROFER layers on SiC and graphite

substrates with and without annealing at 750 ◦C for 2 h: a) and b) SiCE_Re2, c) and

d) CWE_Re2
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In both cases they are too small to allow the detection of composition by EDX.

In Fig. 4.48 the results of XRD measurements of SiCE_Re2 and CWE_Re2 are presented.

Comparing patterns of the original and annealed samples of SiCE_Re2 shows the appearance

of a new peak (211) corresponded to a Fe2Re3 phase. The same Fe2Re3 phase represented with

two peaks (211) and (420) with the addition of a new compound of Cr23C6 with peaks (531)

and (551) is observed in the pattern relating to CWE_Re2. New compounds between the

layer elements and the elements of the substrate appear only for CWE_Re2. Because of this

the sample with the SiC substrate (SiCE_Re2) has been taken for the following calculations

of the diffusion coefficient of Re in EUROFER described below.

The concentration depth profiles in the reactive zone of the SiCE_Re2 and CWE_Re2

are presented in Figs. 4.49 and 4.50. For comparison, the spectra of the original samples are

shown as well, where the layers are clearly separated in both cases.
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Figure 4.48: XRD spectra of samples with Re / EUROFER layers a) on SiC and b) on graphite

substrates with and without annealing at 750 ◦C for 2 h (SiCE_Re2 and CWE_Re2)
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Figure 4.49: Concentration depth profiles of Re / EUROFER layers on SiC substrate

(SiCE_Re2) a) original, b) annealed at 750 ◦C for 2 h
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Figure 4.50: Concentration depth profiles of Re / EUROFER layers on graphite substrate

(CWE_Re2) a) original, b) annealed at 750 ◦C for 2 h

Table 4.14 gives the mean contents of C and O in the Re layer and C, O and Re in the

EUROFER layer for the CWE_Re2 sample, as well as the mean concentration of Re in the

EUROFER layer of the SiC_Re2 sample. Due to annealing at 750 ◦C the layers partially mix

in both cases. Interaction between the layers results in a mean Re content in the steel layer

of 14.7 at.% for SiCE_Re2 and 10.0 at.% for CWE_Re2. In addition, C is found to diffuse

through the Re layer into the EUROFER of the CWE_Re2 resulting in 8.0 at.% of Re in the

steel layer. A lower C contamination of about 7.0 at.% is found in the Re layer.

Substrate SiC Graphite
Layer EUROFER EUROFER Re

Contamination Re [at.%] C [at.%] O [at.%] Re [at.%] C [at.%] O [at.%]
Original − 1.5 2.0 − 2.0 3.0

Annealed for 2 h 14.7 8.0 2.0 10.0 7.0 2.0

Table 4.14: Layers mean contamination contents in the EUROFER layer with thick Re inter-
layer with and without annealing at 750C, in atomic percent

Re / W
To improve C transport suppression by a diffusion barrier, a Re / W multilayer has been

applied. In spite of the fact that the diffusion coefficient of C in W is very close to that of C in

Re, the application of only aWor Re interlayer as a diffusion barrier seems not to be as optimal

as the use of a Re / W multilayer for the following reasons. Firstly, W builds carbides and

therefore a thick interface zone appears, which becomes brittle and could make a composite

material worse. However, at the same time, the formation of W carbides would result in better

protection of the EUROFER from C diffusion (see details in subsection 2.2.2). Secondly, Re

does not form carbides but reacts intensively with Fe, which leads to deterioration of the

suppression of C diffusion. The application of a Re / W multilayer could help solve these

problems.
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Two sets of samples were prepared on a graphite substrate, CWE_Re_W1 and

CWE_Re_W2, with three interlayers of equal thicknesses (W / Re / W), and with four

interlayers of equal thicknesses (Re / W / Re / W), correspondingly. The total thickness of

each multilayer structure remained about 550 nm. Taking into account the fast mixing of Re

and Fe, W was chosen as an adjoining layer to the steel.

Three layer structure (540 nm of (W / Re / W) / 500 nm of EUROFER)
The SEM images of the CWE_Re_W1 with 540 nm thick Re / W multilayer and 500 nm

of EUROFER layer on the top with and without annealing are presented in Fig. 4.51. In

this multilayer, each layer of Re and W has the same thickness of 180 nm. As in the case of

the W interlayer, the samples reveal a smooth surface with and without annealing, and the

same precipitates formation is observed, while cracks appear after a shorter annealing period

(Fig. 4.51b). Partial layer delamination is observed after 16 h of annealing, as was with the

W interlayer.

Figure 4.51: SEM images of samples with W / Re / W / EUROFER layers on graphite with

and without annealing at 750 ◦C for 2 h (CWE_Re_W1)

An XRD analysis was performed for the both original and annealed (750 ◦C, 2 h) samples.

The spectra of the CWE_Re_W1 are given in Fig. 4.52. The peaks appearing after annealing

have a low intensity; therefore, it is not possible to clearly distinguish which phases have been

formed. Additional difficulties with the phase determination come from the presence of several

elements which have close peak positions. Thus, the peak corresponding to Fe3W3C (511)

that appeared to be the most pronounced in the case of the W interlayer is not observed.

Nevertheless, the position of small peaks coincide well with those of two phases observed in

the spectra mentioned above, Fe3W3C and W2C.

The original and annealed for 2 h samples were investigated by IBA and the results are

presented in Fig. 4.53 and in Table 4.15. The original sample shows clear separation of the

layers, as does the annealed one with only one exception: EUROFER and abutting W layers

become partially mixed after annealing. Additional W diffuses from the W interlayer into the

steel and its mean concentration in EUROFER is 5.4 at.%, i.e. the total W content in the

steel layer is 5.7 at.% because the as-deposited EUROFER consists of 0.3 at.% of W. Two

other interlayers, i.e. the second W and Re layers, are found to be separated from each other.
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In the as-deposited layers the C content is higher in the Re / W interlayers (4 at.%) than in

the EUROFER (2 at.%). After annealing, the mean concentration of C in all the layers is

about the same. For the sample annealed over 16 h the analysis was not carried out due to

strong layer degradation.
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Figure 4.52: XRD spectra of samples with W / Re / W / EUROFER layers on graphite

substrate with and without annealing at 750 ◦C for 2 h (CWE_Re_W1)
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Figure 4.53: Concentration depth profiles of a) original, b) annealed at 750 ◦C for 2 h samples

with W / Re / W / EUROFER layers on graphite (CWE_Re_W1)

Substrate Graphite
Layer EUROFER

Contamination C [at.%] O [at.%] W (interlayer) [at.%]
Original 2.0 2.0 −

Annealed for 2 h 2.0 2.0 5.4

Table 4.15: Mean contamination contents in the EUROFER layer with W/ Re / Wmultilayer
with and without annealing at 750C, in atomic percent
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Four layer structure (560 nm of (Re / W / Re / W) / 500 nm of EUROFER)
The SEM images of CWE_Re_W2 with 560 nm thick Re / W / Re / W multilayer and

500 nm of EUROFER with and without annealing with different durations are presented in

Fig. 4.54. In this multilayer each layer of Re and W has the same thickness of 140 nm. As

in previous investigations, precipitate formation is observed (Figs. 4.54b and d). In contrast

to the multilayer showed above, crack propagation appears only after longer annealing and

does not reveal any layer delamination, as is seen in the low magnification image (Fig. 4.54c).

Annealing over 16 h results in small grain formation with the presence of small white specks

(Fig. 4.54d), which are smaller in size and number in comparison to the sample annealed for

a shorter time.

Figure 4.54: SEM images of samples with Re / W / Re / W / EUROFER layers on graphite

with and without annealing at 750 ◦C for 2 and 16 h (CWE_Re_W2): a) magnification

×10000, b) magnification ×10000, c) magnification ×500 and d) magnification ×10000

In Fig. 4.55 the XRD patterns of the original (black line), annealed for 2 h (red line), and

annealed for 16 h (blue line) samples are shown. As already observed, it is difficult to detect

Fe3W3C in the patterns corresponded to the annealed samples because of the presence of the

Re and W peaks coinciding with the most pronounced peak of Fe3W3C, namely (511). The

subcarbide W2C is clearly seen on the sample annealed for 16 h due to the appearance of the

high intensity peak (100).

IBA was carried out for both the original and annealed samples (see Fig. 4.56 and Ta-

ble 4.16). The as-deposited CWE_Re_W2 reveals four clearly separated interlayers and the

EUROFER layer on top. After annealing for 2 h, the multilayer structure remains the same

as it was before with only one exception: W from the W interlayer has partially diffused

through the steel. The mean concentrations of additional W and C in the EUROFER layer

are found to be 4.6 at.% and 2.5 at.%, correspondingly.
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Figure 4.55: XRD spectra of samples with Re / W / Re / W / EUROFER layers on graphite

substrate with and without annealing at 750 ◦C for 2 and 16 h (CWE_Re_W2)

0 200 400 600 800 1000
0

10
20
30
40
50
60
70
80
90

100

0 200 400 600 800 1000
0

10
20
30
40
50
60
70
80
90

100

0 200 400 600 800 1000
0

10
20
30
40
50
60
70
80
90

100

layerlayer(Fe + Cr + Mn+
 0.3at.% W)

b)

CReRe WWEUROFER

C
on

ce
nt

ra
tio

n 
[a

t.%
]

Depth [nm]

(Fe + Cr + Mn+
 0.3at.% W)

c)

EUROFER   mixture
Fe, Cr, Mn, 
   W, Re

C
on

ce
nt

ra
tio

n 
[a

t.%
]

Depth [nm]

layerlayer(Fe + Cr + Mn+
 0.3at.% W)

CReRe W

a)

WEUROFER

 EUROFER     W (interlayer)     Re       C      O

C
on

ce
nt

ra
tio

n 
[a

t.%
]

Depth [nm]

Figure 4.56: Concentration depth profiles of Re / W / Re /W / EUROFER layers on graphite

substrate (CWE_Re_W2) a) original, b) annealed at 750 ◦C for 2 h and c) annealed at 750 ◦C

for 16 h

Substrate Graphite
Layer EUROFER

Contamination C [at.%] O [at.%] W (interlayer) [at.%]
Original 2.0 3.0 −

Annealed for 2 h 2.5 2.0 4.6
Annealed for 16 h 12.0 2.0 6.7

Table 4.16: Contamination contents in the EUROFER layer with Re / W / Re / Wmultilayer
with and without annealing at 750C, in atomic percent

Therefore, after annealing the total W content in the steel is 4.9 at.%. The C content
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in all other layers remains approximately the same. In contrast to the sample annealed for

2 h, annealing for 16 h results in significant changes in the sample composition. As seen

in Fig. 4.56c, the additional W and C contents in the steel rises to 6.7 at.% and 12 at.%,

respectively. Importantly, the multilayer loses its structure because Re and W mix with the

addition of some Fe: the deep part of the concentration depth profile (> 570 nm) is impossible

to evaluate because of the peaks overlapping.

4.2.3 EUROFER layer with ceramic interlayer

Different ceramic layers, such as TiC, TiN and Er2O3, have been investigated as diffusion

barriers because of the stability of these layers with respect to Fe at high temperatures.

TiC
The samples with a thin TiC (50 nm) and thin EUROFER (50 nm) layers on SiC (SiCE_TiC1)

and graphite (CWE_TiC1) were annealed for 2 h at different temperatures ranging from

400 to 1000 ◦C. SEM images of the SiCE_TiC1 and CWE_TiC1 samples are presented in

Figs. 4.57 and 4.58, correspondingly.

Figure 4.57: SEM images of samples with TiC / EUROFER layers on SiC substrate

(SiCE_TiC1) with and without annealing in the temperature range of 400 − 1000 ◦C for

2 h

The as-deposited coatings on SiC and graphite show different layer structures due to the

influence of the substrate material (see subsection 4.1.2). Thus, the SiCE_TiC1 possesses

a smooth layer structure (see Fig. 4.57a), while the CWE_TiC1 (see Fig. 4.58a) reveals an

undulating surface. After annealing at 400 ◦C the structure of the SiCE_TiC1 remains the

same, whilst above 600 ◦C small white particles appear on the sample surface (see Fig. 4.57b).

At the same time blisters form on the substrate. One possible reason for their formation is the
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incorporation of Ar into the SiC during the TiC deposition due to applying a bias voltage. At

the higher temperatures of 750 and 1000 ◦C the blisters remain the same size (see Figs. 4.57c

and d). Hole formation is observed in the layers of SiCE_TiC1 after annealing at 750 ◦C. An

increase of temperature to 1000 ◦C results in further agglomeration of the layers.

There are no visible changes in the structure of the layers caused by annealing at 400

and 600 ◦C in comparison with the original CWE_TiC1 (see Figs. 4.58a and b). However,

the EUROFER layer agglomerates due to annealing at 750 ◦C (see Fig. 4.58c) and, therefore,

grey areas appear on the sample surface. In contrast to the steel, the TiC layer remains the

same. One can see in the SEM image its undulating structure below the grey formations. At

the highest temperature of 1000 ◦C TiC has also been destroyed. There are different areas on

the surface (see Fig. 4.58d): grey formations consisting mainly of elements of the steel layer,

dark grey areas which have more Ti and C, and black ones representing the substrate.

Figure 4.58: SEM images of samples with TiC / EUROFER layers on graphite substrate

(CWE_TiC1) with and without annealing in the temperature range of 400− 1000 ◦C for 2 h

Due to the small thickness of the layers it was impossible to carry out XRD investigations

of the SICE_TiC1 and CWE_TiC1 samples.

In Fig. 4.59 the concentration depth profile of the as-deposited TiC and EUROFER layers

is given. Mean contamination contents of the SiCE_TiC1 and CWE_TiC1 are presented in

Table 4.17. For the sample with the SiC substrate there is only possibility to detect the Ti

concentration in EUROFER, since the peaks from all elements with atomic numbers below

14 (Si) appear to overlap with the peak from Si. The content of Ti in the steel is found

to rise to about 3 at.% due to annealing at 400 ◦C. An investigation of the SiCE_TiC1

annealed at higher temperatures is not appropriate due to the appearance of particles and

layer agglomeration. The composition of the layers of the as-deposited sample and the heat

treated one at 400 ◦C does not change in the case of the graphite substrate.
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Figure 4.59: Concentration depth profile of the original sample with TiC / EUROFER layers

on graphite (CWE_TiC1)

Substrate SiC Graphite
Layer EUROFER EUROFER

Contamination Ti [at.%] C [at.%] O [at.%] Ti [at.%]
Original 1 4 2 −

Annealed at 400 ◦C 3 4 2 −
Annealed at 600 ◦C 4 2 2

Table 4.17: Mean contamination contents in the EUROFER layer with TiC interlayer with
and without annealing for 2h, in atomic percent

A small amount of Ar appears in the TiC layer owing to the applied substrate bias during

ceramic deposition. Annealing at a temperature of 600 ◦C has resulted in a Ti contamination

of 2 at.% in the steel. The C content remains the same for all the investigated samples.

TiN
The application of a TiN interlayer as a diffusion barrier was investigated for temperatures

from 400 to 750 ◦C over 2 h. In Figs. 4.60 and 4.61, SEM images of the samples with a

thin TiN (50 nm) and thin EUROFER (50 nm) layers on SiC (SiCE_TiN2) and graphite

(CWE_TiN2) substrates are presented. As it was observed for the TiC layer, the structure

of SiCE_TiN2 differs from that of the CWE_TiN2 due to the different substrate materials.

The as-deposited SiCE_TiN2 reveals a fine, smooth structure that remains the same after

annealing at temperatures up to 600 ◦C (see Figs. 4.60a and b). The heat treatment at higher

temperatures of 750 ◦C initiates layer agglomeration. In contrast to the SiCE_TiN2, the

CWE_TiN2 possesses a rough, developed layer structure. There are no visible changes found

on it after annealing at temperatures up to 600 ◦C. Annealing at 750 ◦C causes agglomeration

of the EUROFER layer that is presented in the image as grey areas (see Fig. 4.61c). As

was observed for the CWE_TiC1 annealed at the same temperature, the ceramic interlayer

remains stable. The layer located beneath those grey formations reveals the same structure

to that it had before annealing.
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Figure 4.60: SEM images of samples with TiN / EUROFER layers on SiC substrate

(SiCE_TiN2) with and without annealing in the temperature range of 400− 750 ◦C for 2 h

Figure 4.61: SEM images of samples with TiN / EUROFER layers on graphite substrate

(CWE_TiN2) with and without annealing in the temperature range of 400− 750 ◦C for 2 h

XRD analysis of the SiCE_TiN2 and the CWE_TiN2 was not performed due to the small

thickness of the layers.

A concentration depth profile of the original CWE_TiN2 made by IBA is shown in

Fig. 4.62. The detectable contents of contaminations in the EUROFER on SiC and graphite

substrates are presented in Table 4.18. On SiC it is only possible to evaluate the amount of

Ti in the steel due to peak overlapping. Thus, 1 at.% of Ti is found in the original EUROFER
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layer and in the annealed one at 400 ◦C. Ti content increases to 2 at.% upon annealing at

600 ◦C. In the CWE_TiN2 the same Ti concentration is observed and, in addition, 3 at.%

of C and 4 at.% of N are found in the EUROFER layer with and without annealing. The O

content decreases from 4 to 2 at.% after annealing.
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Figure 4.62: Concentration depth profile of the original sample with TiN / EUROFER layers

on graphite (CWE_TiN2)

Substrate SiC Graphite
Layer EUROFER EUROFER

Contamination Ti [at.%] C [at.%] O [at.%] N [at.%] Ti [at.%]
Original 1 3 4 4 −

Annealed at 400 ◦C 1 3 2 4 −
Annealed at 600 ◦C 2 3 2 4 2

Table 4.18: Mean contamination contents in the EUROFER layer with TiN interlayer with
and without annealing for 2h, in atomic percent

Er2O3

A thick Er2O3 layer (500 nm) deposited by filtered arc facility was investigated as a diffusion

barrier with respect to C. Only a graphite substrate was used in this investigation. The

samples (CWE_Erbia1) with thick Er2O3 and thick EUROFER (500 nm) layers were analysed

with and without annealing at 750 ◦C for 2 h.

In Fig. 4.63 the as-deposited and annealed CWE_Erbia1 samples are shown. The original

sample has a fine structure. The roughness of the layer is governed by the roughness of the

graphite substrate. After annealing the layer appears not to be cracked. Comparing the

images of the original and annealed CWE_Erbia1 (Figs. 4.63a and b), the surface of the

sample becomes more rough because of the growth of crystals of EUROFER on the surface.

The results ofXRD analysis of the original and annealed samples are presented in Fig. 4.64.

The black curve belongs to the original CWE_Erbia1, while the red one to the annealed

CWE_Erbia1. They both show the same XRD pattern without any noticeable difference

and reveal four peaks corresponding to Er2O3 phase (222), (400), (440), and (622); and one

peak to EUROFER (110). In the pattern of the annealed sample, no new peaks are found.
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Figure 4.63: SEM images of samples with Er2O3 / EUROFER layers on graphite substrate

with and without annealing at 750 ◦C for 2 h (CWE_Erbia1)
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Figure 4.64: XRD spectra of samples with Er2O3 / EUROFER layers on graphite substrate

with and without annealing at 750 ◦C for 2 h (CWE_Erbia1)

The composition of the layers was investigated by IBA and the results are presented in

Fig. 4.65 and Table 4.19. The C and O content in both the layers of EUROFER and Er2O3
of the original sample are found to be about 2 at.%. The composition of the layers does not

change upon annealing of the sample.
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Figure 4.65: Concentration depth profile related to the both original and annealed samples

with Er2O3 / EUROFER layers on graphite (CWE_Erbia1)
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Substrate Graphite
Layer EUROFER Erbia

Contamination C [at.%] O [at.%] C [at.%]
Original 1.5 1.5 2

Annealed for 2 h 1.5 1.5 2

Table 4.19: Mean contamination contents in the EUROFER layer with Erbia interlayer with
and without annealing at 750C, in atomic percent

Therefore, the concentration depth profile given in Fig. 4.65 is also valid for the annealed

sample. The roughness of the EUROFER layer after annealing is measured to be higher than

before, in contrast to Er2O3 where the roughness remains the same.

4.3 Calculation of diffusion coefficients

When the concentration of diffusive species exceeds a certain value called the trace im-

purity level, the diffusion coefficient appears to depend on the concentration. To determine

the concentration dependent diffusion coefficient, D(C), an iterative scheme was used. In the

experiment the depth profile of diffusing species was measured before and after annealing at a

temperature of 750 ◦C. Using the diffusion code DIFFUSEDC diffusion was simulated taking

into account the initial depth profile measured prior to annealing. The aim was to iteratively

adjust D(C) such that the simulation would reproduce the diffusion depth profile measured

after annealing. Since DIFFUSEDC treats diffusion in binary systems, only two component

diffusion couples could be investigated. The details on the concentration dependence of the

diffusion coefficient and on the DIFFUSEDC code are explained in detail in Appendix B and

reference [26]. This model was not suitable for the analysis of the interaction between ceramic

and EUROFER layers, since the interlayer consisted of two components. The evaluation of

the depth profiles of the annealed samples with thick deposited layers was much more precise

than that of the thin ones due to the longer diffusion paths, therefore only thick layer samples

were chosen for the calculations.

In Fig. 4.66 the concentration depth profiles of the sample CWE43 with a thick EUROFER

layer (400 nm) on graphite with and without annealing at 750 ◦C for 2 h are shown. The black

curve shows the original, i.e. as-deposited, C depth profile in the sample, while the blue one

is the calculated depth profile of C in the steel after annealing, which fits the experimental

profile of the annealed sample shown as a red line with open circles.

To calculate the diffusion coefficient of Me in EUROFER, the samples with W and Re

layers were utilised. The samples with Ti and Cr interlayers were not analysed since their

layers had mixed with EUROFER. For graphite substrates substantial C diffusion into the

EUROFER layer took place where SiC proved to be stable within the applied temperature

range. The varying C concentration in EUROFER had a significant impact on the diffusion

of W and Re from the interlayer. For sample CWE_W2 with a graphite substrate annealed

at 750 ◦C over 2 h the W concentration in the EUROFER layer was found to be 7 at.%, while

for SiCE_W2 with a SiC substrate the W concentration was 16 at.%.
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Figure 4.66: Concentration depth profiles of CWE43 with and without annealing at 750 ◦C

for 2 h in comparison with the profile calculated by DIFFUSEDC

The reasons for this difference is discussed later in section 5. To avoid this influence of C,

only the samples with SiC substrates were chosen for the calculations, since for both specimens

SiC was found to be stable and did not react with the layers.

In Fig. 4.67 the depth profiles of the original and annealed samples with W and Re

interlayers are presented together with the calculated ones. In Fig. 4.67a the results of the

calculations for the SiCE_W2 with a W interlayer are shown. The black curve is the depth

profile of W in the EUROFER layer prior to annealing. The experimental data for the

samples annealed at 750 ◦C for 2 and 16 h are shown as a red line with open and filled circles

respectively. By iteratively adjusting the diffusion coefficient of W in the steel, the blue and

green curves have been fitted to the experimental data with the same parameters of fitting.

Therefore, the diffusion coefficient D(C) is not dependent on the annealing duration. The

same fitting procedure has been done for SiCE_Re2 with the Re interlayer and the results of

the simulation are given in Fig. 4.67b.

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

b )

D e p th  [n m ]

C
on

ce
nt

ra
tio

n 
[a

t.%
]

E U R O F E R R e S iC

a )

S iCWE U R O F E R

 o rig in a l (e xp .)      a n n e a le d    2  h  (e xp .)       c a lc u la te d    2  h
                                      a n n e a le d   1 6  h  (e xp .)       c a lc u la te d    1 6  h

C
on

ce
nt

ra
tio

n 
[a

t.%
]

D e p th  [n m ]

Figure 4.67: Concentration depth profiles of the samples with and without annealing at 750 ◦C

for 2 and 16 h in comparison with the profiles calculated by DIFFUSEDC: a) SiCE_W2 with

W interlayer, b) SiCE_Re2 with Re interlayer
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The concentration dependent diffusivities are presented in Fig. 4.68. The black curve

describes the diffusion coefficient of C in EUROFER, the blue and the red lines correspond

to Re and W in EUROFER. All these profiles reveal similar shapes, i.e. they exhibit a

sharp drop at a certain concentration of the diffusing species. The same feature of the D(C)

dependence for C diffusion in W was observed in [26]. As seen in Fig. 4.68, the curves consist

of two plateaus, where the left upper ones correspond to species diffusion in the case of low

concentrations and, therefore, no compounds are formed.
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Figure 4.68: Dependence of diffusion coefficients D of C, Re and W in EUROFER on their

concentration C obtained by the iterative fitting procedure

Here, high values of the diffusion coefficients are governed by the large gradients of the

diffusing species concentrations. The transition stage between the two plateaus is explained

by the formation of compounds which, in turn, affect the diffusivity because of changes in

the chemical potential. Further, high concentrations lead to a lowering of the concentration

gradient, and this process, together with the chemical potential change, results in significant

decrease in the diffusion coefficient. The maximum diffusion coefficients of C, Re, and W

in EUROFER are found to be 3 · 10−17m2 s−1, 1.6 · 10−17m2 s−1, and 5 · 10−18m2 s−1, re-
spectively. It would not be correct to compare these values with tracer diffusion coefficients

usually given in the literature due to the formation of compounds which influence the rate

of diffusion. Therefore, according to [26], the estimated maximum values of diffusion coeffi-

cients are assumed to lie between the tracer diffusivities of species in pure EUROFER and

the corresponding compounds.
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5 Discussion

5.1 EUROFER

The EUROFER layer was deposited on SiC fibres as well as planar SiC and graphite

substrates by magnetron and arc deposition techniques. Its stoichiometry and crystalline

structure were found to be close to the target material. The annealing tests of the coated

fibres conducted at temperatures of 600 and 800 ◦C for 2 h showed the necessity of a diffusion

barrier to suppress the interdiffusion between the SiC fibres and the steel matrix. After

annealing at 800 ◦C due to interaction between the fibre outer coating, namely SiC doped C,

and EUROFER the reaction zone was found to consist of the part of the EUROFER layer

and about half of the outer fibre coating. The appearance of this zone was shown in the

corresponding SEM image (Fig. 4.17c in subsection 4.2.1). Estimation of the thickness of the

C - EUROFER reaction zone was made by visual observation of the brightness of the SEM

image caused by the difference in the atomic numbers: 26 for Fe and 6 for C. The contrast is

sensitive to the concentration of Fe in C, and thus to the thickness of the reaction zone, which

was found to be 2.2μm. Unlike diffusion from EUROFER layer into the outer fibre coating

the diffusion in the opposite direction could not be estimated by visual observation based on

the SEM images. Furthermore, the contrast of the SEM image depends on the concentration

and, therefore, it is not possible to detect the diffusion depth of Fe in the outer coating of

the fibre due to low sensitivity of this method of analysis. Thus, calculation of the width of

the reaction zone based on the known data for C - Fe, SiC - Fe and SiC - Fe - 20Cr diffusion

couples (described in subsection 2.2) and using equation (2.2) gives significantly higher values

than the measured width of the reaction zone. After annealing at 800 ◦C for 2 h the calculated

thickness of the reaction zone would be:
C −→ Fe 2.6 · 103 μm

SiC ←→ Fe 156μm

SiC ←→ Fe-20Cr 4.5μm.
Even in case of the slowest diffusion process, i.e. interaction between SiC and Fe - 20Cr,

the calculated thickness of the reaction zone is twice as thick as was actually observed through

SEM analysis.

To evaluate the interdiffusion between the fibre and EUROFER components and to find an

appropriate diffusion barrier, planar samples were investigated before and after annealing by

different techniques: SEM, XRD and IBA. In [30,31] it was found that SiC decomposed and

formed Fe silicides at temperatures of 800 and 900 ◦C, respectively. In our experiments, in the

case of the samples with SiC substrates, serious layer degradation was observed at annealing

temperatures above 750 ◦C which made XRD and IBA investigations of the layer crystalline

structure and composition impossible. The layer agglomerated and crystals formed on the

surface of the SiCE41 (50 nm film thickness) and SiCE43 (400 nm film thickness) samples.

In contrast to SiC substrates, in the case of graphite substrates the C diffusion was observed

even at the low temperature of 400 ◦C (CWE41 (50 nm film thickness)). The C content found
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in EUROFER for the CWE41 sample was 7 at.%. According to the binary phase diagram

of Fe - C shown in Fig. C.5 (see Appendix C) this amount of C corresponds to mixture of

pearlite and cementite phases. After annealing at 600 ◦C, where the C content in EUROFER

was found to be 19 at.%, de-wetting of the deposited layers was observed (see Figs. 4.19c and

d in subsection 4.2.1). This was likely caused by the formation of carbide which was suggested

by the C concentration of 19 at.%, corresponding mainly to the cementite phase.

Detailed investigation of the graphite sample CWE43 with the EUROFER layer of 400 nm

revealed cementite formation as well. In Fig. 5.1 a schematic sketch of the diffusion process

and the following phase transformation is given.

EUROFER

Graphite Graphite

Fe3C
C

Original Annealed

Figure 5.1: Schematic sketch of the phase transformation caused by diffusion of C in the

CWE43 sample

The concentration depth profile of CWE43 annealed at 750 ◦C revealed a C content of

27 at.% in the EUROFER layer. This C content suggests the formation of a mixed cementite

and graphite phases (Fe3C + C), where 25 at.% of C are in a carbide state and the rest

is in solution. The same conclusion can be drawn from the results of the XRD analysis.

The XRD pattern (see Fig. 4.22 in subsection 4.2.1) of the annealed CWE43 shows peaks

corresponded to Fe3C. Therefore, as shown in Fig. 5.1, C diffusion caused by annealing results

in the transformation of EUROFER into a cementite phase.

The tracer impurity diffusion coefficient of C in α-Fe for a temperature of 500 ◦C is 4.9 ·
10−12m2 s−1, according to [51]. Hence, using equation (2.2) for the diffusion depth described

in subsection 2.1, only 0.01 s is necessary for C to diffuse through the pure Fe layer of 400 nm

at this temperature. While EUROFER consists mainly of Fe, it has a marked amount of

Cr and therefore the C diffusion coefficient in EUROFER should be lower than in pure Fe

because the C diffusion in Cr is 2 orders of magnitude lower than in Fe. One can compare

the tracer diffusion coefficient of C in pure Fe, Fe - 0.92Cr and pure Cr at 500 ◦C [52]:
C −→ α-Fe 4.9 · 10−12m2 s−1

C −→ Fe - 0.92Cr 5.2 · 10−13m2 s−1

C −→ Cr 2.8 · 10−14m2 s−1.
It is seen that the addition of even around 1 wt.% of Cr in Fe decreases the diffusion

coefficient of C by about one order of magnitude, which in turn, would result in a time of

0.08 s required to diffuse through the layer. This difference becomes negligible if one compares

it with the annealing time of 7200 s (2 h) used during experiments with the EUROFER layer.
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Since the C concentrations in the layer significantly exceeds the trace amounts for which

the literature tracer diffusion coefficients are valid, the concentration dependence of the C

diffusion coefficient has to be taken into account. The result of the D(C) fitting procedure

based on the experimental concentration depth profiles for the samples annealed at 750 ◦C for

2 h is given in Fig. 4.68 in subsection 4.3. The maximum value of the diffusion coefficient of C

in EUROFER at 750 ◦C, appropriate to low C concentrations, is found to be 3 · 10−17m2 s−1.
This value is significantly lower than that published in the literature for the tracer impurity

diffusion coefficient of C in pure Fe of 1.5 · 10−10m2 s−1. The difference of seven orders of
magnitude can be explained by a very fast initial diffusion of C in the steel and subsequent

fast formation of carbides, mainly Fe3C, since EUROFER consists of about 90 at.% of Fe.

Therefore, for the majority of the annealing time this process should be considered as C

diffusion in Fe3C, which is formed due to C diffusion in EUROFER, rather than in original

EUROFER. Besides, the diffusion coefficient of C in EUROFER is also lower than in pure Fe

due to the presence of Cr in the steel. According to [39,48], a similar effect has been observed

for some carbides in comparison with pure metals.

5.2 EUROFER layer with Me interlayer

To suppress the fast C diffusion in EUROFER, differentMe interlayers were investigated

as a diffusion barrier.

5.2.1 Ti

In selecting an appropriate interlayer for the suppression of diffusion between the EURO-

FER matrix and SiC fibres, Ti was proposed first because the fibres were originally specified

and produced for application with a Ti matrix. In [32, 33] the interaction between Ti and

SiC was studied. It was found that at 900 ◦C they reacted and formed the following phases:

Ti5Si3CX and TiCX. However, there was no information at which temperature this interaction

commenced.

The samples of SiCE_Ti2 with thin Ti (40 nm) and EUROFER (50 nm) layers on a SiC

substrate were annealed at temperatures of 400 to 1000 ◦C. After annealing at 400 ◦C the

structure and composition of the layers remained the same. Due to reactions between the lay-

ers and agglomeration, it was impossible to investigate the samples annealed at temperatures

of 600 ◦C and higher. Annealing at 750 ◦C for 2 h of the sample SiCE_Ti3 with thick (500 nm)

layers resulted in crack propagation and partial layer delamination. This can be explained by

stresses in the layers caused by the transformation from α-Ti to β-Ti. The temperature for

this transformation is 882 ◦C but with addition of 15 at.% of Fe it decreases to 595 ◦C as can

be seen from the Fe - Ti phase diagram (see Fig. C.10 in Appendix C).

For the samples with graphite substrates the following diffusion processes should be taken

into account: C diffusion in Ti, Ti in Fe and Fe in Ti. No data on the diffusion coefficient

of Ti in Fe was found in the literature and so it was impossible to determine which diffusion
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process is faster: Fe in Ti or Ti in Fe. From [52] the tracer diffusion coefficient of Fe in β-Ti

at 900 ◦C was estimated to be 3.05 · 10−8m2 s−1 while the diffusion coefficient of C in β-Ti at
950 ◦C was 1.34 · 10−10m2 s−1. Consequently, Fe diffuses quicker in β-Ti than C. Due to the

diffusion of C and Fe in Ti caused by annealing at the temperatures of 400 to 1000 ◦C treated

in this work, the following phases could be formed between Fe - Ti and C - Ti, according to

the corresponding binary phase diagrams: TiFe, TiFe2 and TiC.

The schematic sketch of the diffusion processes occurring during annealing of the sam-

ple with Ti and EUROFER layers on graphite is presented in Fig. 5.2. By annealing the

CWE_Ti2 samples with thin layers (50 nm) in the temperature range 400 to 1000 ◦C, the

influence of the annealing temperature on the diffusion processes was investigated. After

annealing at 600 ◦C for 2 h the Ti content in the EUROFER layer of CWE_Ti2 increased

to 12 at.%, while the C concentration rose to 6.5 at.%. These diffusion processes of Ti and

C into EUROFER are illustrated in Fig. 5.2. The C and Fe mean concentrations in the Ti

interlayer were 31.0 and 24.5 at.%, respectively, indicating strong interdiffusion between the

Ti and EUROFER layers at 600 ◦C. Moreover, at this temperature the diffusion rate of C in

α-Ti was found to be about the same as the diffusion rate of Fe in α-Ti.

Graphite

Original

EUROFER C
Ti

Ti
Fe

Figure 5.2: Schematic sketch of the diffusion processes of C, Ti and Fe in the CWE_Ti3

sample

After annealing at 750 ◦C the sample CWE_Ti3 with thick (500 nm) layers was destroyed:

only small parts of the coatings remained on the sample surface which showed cracks and

partial layer delamination. This is probably due to stresses in the film arising from the

difference in the thermal expansion coefficients of the Fe - Ti and TiC compounds. Their

formation was indicated by the IBA results which showed diffusion of C and Fe in Ti for the

CWE_Ti2 sample with thin layers. Additionally, as mentioned above, the transformation

from α-Ti to β-Ti occurs at lower temperatures in the presence of Fe, which can also lead to

high stresses in the layers and to crack propagation.

5.2.2 Cr

As the next candidate, Cr was chosen due to the low diffusivities of C and Fe in Cr.

In [34] reactions between SiC and Cr were investigated at 1000 ◦C. The following carbides

and silicides were found to form: Cr5Si3C, Cr7C3, Cr3Si and Cr23C6. In [31] the interaction

between SiC and Fe - 20Cr was studied and it was observed that after annealing at tempera-
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tures above 900 ◦C the reaction zone was composed of Fe3Si, Cr3Si, M7C3-type carbide (M =

Cr, Fe) and graphitic C precipitates. Unfortunately, in both these articles the authors did not

indicate the temperatures at which these reactions started. To analyse the diffusion processes

taking place in the diffusion couple Cr - EUROFER one can compare their diffusion coeffi-

cients. The tracer diffusion coefficient of Fe in Cr at 1000 ◦C is 1.14 ·10−18m2 s−1 [52], which is
slightly lower than the value for Cr in γ-Fe at the same temperature, namely 4.01·10−17m2 s−1

according to [52]. EUROFER consists of 9 wt.% of Cr, therefore, the self-diffusion of Cr can

influence the Cr diffusion in EUROFER. One should compare the rate of Fe diffusion in Cr

(Fe −→ Cr) with the rate of Cr diffusion in the alloy of Fe and Cr (Cr −→ Fe - Cr). The

diffusion coefficient of Cr in Fe - 12.3 wt.% Cr at 1000 ◦C is 4.48 · 10−14m2 s−1 [52], which is
three orders of magnitude higher than for Cr in pure Fe and four orders of magnitude higher

than for Fe in Cr. Consequently, the Cr diffusion in EUROFER proceeds much faster than

Fe diffusion in Cr due to the significant contribution of the Cr self-diffusion.

In Fig. 5.3 the phase transformations of the EUROFER and Cr layers caused by the

diffusion of Cr and decomposition of SiC are shown.
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Figure 5.3: Schematic sketch of the phase transformations caused by diffusion of Si, C, Cr

and Fe in the SiCE_Cr4 sample

The samples SiCE_Cr1 with thin (50 nm) layers were annealed at temperatures from 400

to 1000 ◦C for 2 h. This allowed an analysis of the interaction between Cr and EUROFER, and

between Cr and SiC. After annealing at 400 ◦C the Cr concentration in the steel remained the

same 10 at.% as in the original EUROFER layer, whereas Fe diffused into the Cr interlayer

and its concentration was 6 at.%. After annealing at 600 ◦C the Cr and EUROFER layers

were found to be completely mixed, i.e. the Cr content in EUROFER and the Fe content in

Cr were so high that peaks in the IBA spectra corresponded to Cr and Fe were overlapped

completely.

The sample SiCE_Cr4 with thick (500 nm) layers was investigated before and after an-

nealing at 750 ◦C for 2 h. Due to the sponge-like structure of the layer (see Fig. 4.32b in

subsection 4.2.2) it was impossible to perform the analysis of the layer composition by IBA.

XRD analysis of the annealed SiCE_Cr4 brought to light the decomposition of SiC and the

formation of new phases caused by the diffusion of Si and C into the intermixed layer. All

these processes are indicated in Fig. 5.3. In the XRD pattern (see Fig. 4.33a in subsec-

tion 4.2.2) the peaks related to the following phases were observed: Fe3Si, M23C6, that is (Fe,

Cr)23C6, and M7C3, that is (Fe, Cr)7C3.
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Consequently, already at the temperature of 600 ◦C the Cr and EUROFER layers are

mixed and there is no more suppression of the interdiffusion between EUROFER and the

substrate. Furthermore, in the presence of Cr it is sufficient to heat the SiC up to 750 ◦C to

make it decomposed. This is unacceptable for the SiC / EUROFER composite material as it

leads to the dissolving of the SiC fibres in the matrix at the assumed working temperature.

For the sample with a graphite substrate, one has to take into account, in addition to

the interaction between Cr and EUROFER, also the C diffusion in Cr. The tracer diffusion

coefficient of C in Cr at 1000 ◦C is 1.29 · 10−11m2 s−1 [52]. Thus, the diffusion coefficients for
the processes which can take place during annealing at 1000 ◦C of the sample with a graphite

substrate coated by EUROFER and Cr layers, are [52]:
Fe −→ Cr 1.14 · 10−18m2 s−1

Cr −→ Fe - 12.3 wt.% Cr 4.48 · 10−14m2 s−1

C −→ Cr 1.29 · 10−11m2 s−1.
Instead of the diffusion coefficient of Cr in EUROFER, here the data for the diffusion of

Cr in Fe - 12.3 wt.% Cr is given for comparison. Hence, the dominant process for a sample

with a graphite substrate appears to be C diffusion which is much faster than Cr diffusion

into EUROFER and Fe in Cr.

The schematic sketch of the diffusion processes occurring during annealing of the sample

with Cr and EUROFER layers on graphite is presented in Fig. 5.4.
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Figure 5.4: Schematic sketch of the phase transformations caused by diffusion of C, Cr and

Fe in the CWE_Cr3 sample

As was done for samples with a SiC substrate, the samples CWE_Cr1 with thin (50 nm)

layers on graphite were annealed at temperatures from 400 to 1000 ◦C for 2 h. Cr and EU-

ROFER started to react at 400 ◦C. Thus, the Cr concentration in the steel was found to

increase to 14 at.% (10 at.% of Cr in original EUROFER + 4 at.% of Cr diffused from the

Cr interlayer), while 4 at.% of Fe was observed in the Cr interlayer. Additionally, C diffused

through the Cr into the EUROFER layer and its content in the steel increased to 4 at.%,

while in the Cr interlayer the C concentration rose to 10 at.%. Therefore, as it was assumed

above, C diffusion in Cr is faster than other processes. Annealing at the higher temperature

of 600 ◦C resulted in the complete intermixing of the Cr and EUROFER layers, in the same

way as was observed for these layers on the SiC substrate (sample SiCE_Cr1). In addition,

the C concentration strongly increased to 31 at.% in EUROFER layer. Similar changes in

composition of the layers were observed for the CWE_Cr4 sample with thick (500 nm) layers
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annealed at 750 ◦C for 2 h. In this case it was impossible to distinguish the composition of

intermixed layers except for the C concentration which increased to 30 at.%. After annealing

at 750 ◦C the C content in the EUROFER layer with the application of a Cr interlayer was

found to be even higher than in the EUROFER layer without any interlayers.

The structure of the layers also changed and new grains with a size of 1 − 2μm were

formed (see Fig. 4.32d in subsection 4.2.2). Additionally, the layers were found to be cracked.

These changes are explained by the formation of new phases.

The results of XRD analysis (see Fig. 4.33b in subsection 4.2.2) are in good agreement

with two previous investigations. The new phases have been formed due to C diffusion: Fe3C

and Cr7C3. This transformation can also affect the appearance of cracks in the layers.

Consequently, it is found that the Cr interlayer reacts intensively with EUROFER which

leads to intermixing at 600 ◦C and causes decomposition of SiC at 750 ◦C. Therefore, it cannot

be used as a diffusion barrier for the system of SiC / EUROFER.

5.2.3 W

W was chosen as a diffusion barrier due to its low self-diffusion, low C diffusion in W,

low diffusion of Fe in W and medium diffusion of W in Fe.

The interaction between SiC and W was studied in [37] at temperatures of 600 to 1100 ◦C.

It was found that the W film reacted with SiC only at temperatures higher than 950 ◦C.

Therefore, in the experiments at 750 ◦C only Fe - W compounds were formed. At this tem-

perature two Fe - W compounds exist according to the Fe - W binary phase diagram: stable

FeW and metastable Fe2W. To deduce the possible interactions between W and EUROFER,

the diffusion coefficients of Fe in W and W in Fe should be compared. At 750 ◦C the tracer

diffusion coefficient of W in α-Fe is 1.88 · 10−16m2 s−1 [52] and there is no available data for
the diffusion of Fe in W at that temperature. One can compare this value with the diffusion

coefficient of Fe in W at higher temperatures. Thus, at 980 ◦C the tracer diffusion coefficient

of Fe in W is 4.3 · 10−18m2 s−1 [52], which is lower than for W in Fe at the lower temperature

of 750 ◦C. Therefore, the diffusion of W in Fe is faster than Fe in W. Hence, it is expected

that the reaction zone consists mainly of the EUROFER layer, while the majority of the W

layer remains the same as before annealing.

A sketch of the phase transformation taking place in the layers on the SiC substrate

is shown in Fig. 5.5. The samples SiCE_W1 with thin (50 nm) layers were annealed at

temperatures from 400 to 1000 ◦C. This allowed an analysis of the interaction between W

and Fe, and W with SiC. Investigation of the annealed sample revealed that the diffusion

of additional W from the W interlayer in EUROFER is observed even at 600 ◦C. At this

temperature the diffusion is slow, therefore only 0.4 at.% of additional W was detected in the

EUROFER layer after annealing for 2 h, i.e. the total W content in EUROFER was 0.7 at.%.
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Figure 5.5: Schematic sketch of the phase transformation caused by diffusion of W in the

SiCE_W2 sample with different annealing time

With increasing temperature the W concentration also increased. Due to degradation of

the SiCE_W1 covered with thin layers, the influence of high annealing temperature of 750 ◦C

on theW concentration in EUROFERwas investigated for the samples SiCE_W2 coated with

thick layers (500 nm). Annealing at 750 ◦C for 2 h of the SiCE_W2 sample resulted in a mean

concentration of additional W diffused from the W interlayer of 7.4 at.% in the EUROFER

layer, while the concentration in the main part of the W layer itself was found to remain the

same as before annealing. After the longer duration of 16 h at the same temperature the W

concentration in the steel, diffused from the W interlayer, increased to 15.9 at.%. Therefore,

the total W content in EUROFER layer after annealing for 16 h was 16.2 at.%.

The presence of an increased W concentration in the EUROFER gave rise to the appear-

ance of precipitate formation in the form of white specks visible in the images made in both

SE and BSE modes of SEM (SE images shown in Fig. 4.38b and d in subsection 4.2.2).

The XRD patterns of the SiCE_W2 sample annealed at 750 ◦C for 2 and 16 h (see

Fig. 4.40a in subsection 4.2.2) revealed similar peak positions to those observed for the original

sample. No phase transformation was detected by this analysis, i.e. SiC did not decompose

at 750 ◦C when in contact with W, what is in good agreement with the results given in [37].

On the other hand, no peaks corresponding to the formation of Fe - W compounds appeared

on the patterns for the samples annealed at 750 ◦C for 2 and 16 h. Therefore, the Fe - W com-

pound formation, in spite of the presence of precipitates in the SEM images and increased W

concentration in EUROFER, is not confirmed by the results of XRD analysis. It is possible

that the intensity of the peaks was too low to be detected due to the small amount of the

formed compound or that the layer texture hindered the analysis.

Since SiC did not react with W at 750 ◦C and, consequently, had no influence on the

diffusion of W in EUROFER, the concentration depth profiles of the original and annealed

SiCE_W2 samples were used for the D(C) fitting procedure. The results of the calculations

are given in Figs. 4.67a and 4.68 in subsection 4.3. The fitting was performed for the depth

profiles measured for samples annealed for 2 and 16 h. Since the same fitting parameters are

valid for both the depth profile of the sample annealed for 2 h and for the sample annealed for

16 h, the annealing duration does not influence the dependence of the diffusion coefficient on

concentration. The maximumD(C) value of 5 ·10−18m2 s−1 corresponds to the low W content

in the steel. It is lower than the tracer diffusion coefficient of W in α-Fe, 1.88 · 10−16m2 s−1,
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at the same temperature. This difference is explained by the influence of other components

of the EUROFER on the diffusion rate and also by the suppression of W diffusion caused by

the possible formation of Fe - W compound.

To estimate the rates of the diffusion processes which can take place in the W interlayer

due to annealing of the sample with a graphite substrate coated with W and EUROFER

layers, the tracer diffusion coefficients of Fe in W and C in W should be compared. At a

temperature of 980 ◦C, according to [52,54], they are:

Fe −→ W 4.3 · 10−18m2 s−1

C −→ W 9.5 · 10−15m2 s−1
Thus, the C diffusion is faster than Fe diffusion in W but it is close to the rate of the W

diffusion in Fe even at the lower temperature of 750 ◦C.

In Fig. 5.6 the phase transformations of the EUROFER and W layers on the graphite

substrate caused by diffusion of C and W are shown. To estimate the influence of annealing

temperatures ranging from 400 to 1000 ◦C on the diffusion processes, the sample CWE_W1

with thin layers (50 nm) was investigated. After annealing at 600 ◦C for 2 h the W content in

the EUROFER layer of the CWE_W1 increased by 0.8 at.%, i.e. the total W content in the

steel was 1.1 at.%, while the C concentration increased by 1 at.% due to the diffusion of W and

C into the EUROFER layer, as shown in Fig. 5.6. As it was observed for the same layers on

SiC, W and EUROFER begin to react at 600 ◦C. To collect more data about transformations

caused by annealing at 750 ◦C for 2 and 16 h, detailed investigations of the CWE_W2 sample

with thick layers (500 nm) were carried out. The higher temperature of 750 ◦C resulted in

faster C and W diffusion. The W content in the EUROFER of the CWE_W2 annealed for

2 h increased by 5.5 at.%, while the C content in the EUROFER was 3.0 at.%, as compared

to 2.0 at.% in the as-deposited steel layer. C diffusion throughout the W also affected the C

concentration in the W layer itself. Thus, the mean C concentration increased up to 8.0 at.%,

in contrast to the original 3.0 at.%. In spite of the reaction of W with EUROFER, the

major part of the W layer remained the same as before annealing, as was observed for the

layers on the SiC substrate. W diffused from the W interlayer through the steel layer and

the concentration of additional W at the sample surface was found to be 4 at.%, while no

Fe was detected in the W layer. Consequently, W diffusion in EUROFER dominates over Fe

diffusion in W what is in good agreement with the literature data presented above.
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Figure 5.6: Schematic sketch of the phase transformations caused by diffusion of C and W in

the CWE_W2 sample with different annealing time
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A longer duration of 16 h at the same temperature of 750 ◦C gave rise to enlargement

of the reaction zone between W and Fe and the mean W content was 6.9 at.%, while the

concentration of W at the sample surface remained at the same value of 4 at.%. Therefore,

the formed Fe - W - C compound suppresses furtherW diffusion in the steel. At the same time,

the mean C concentration in the EUROFER layer increased to 7.0 at.%, which is significantly

lower than that observed in the case of the Cr interlayer. With longer annealing, the mean C

concentration in W increased to 15.5 at.%.

The presence of precipitates in the form of white specks on the SEM image is explained

by the diffusion of W in the EUROFER followed by the formation of compounds involving

Fe and W, as was described in subsections 2.2.3 and 2.2.4.

The results of the two previous analyses, IBA and SEM, correlate well with the results

of XRD measurements (see Fig. 4.40b in subsection 4.2.2). The diffusion of C and W in

EUROFER observed in the concentration depth profiles resulted in the formation of the

compound Fe3W3C. Annealing for a longer time increased the amount of C and W in the

EUROFER and, consequently, allowed further growth of Fe3W3C which led to an increasing

of the intensity of the peaks corresponded to this phase. As for phase transformation in the W

layer, the increase of the C content in the W led to the formation of W2C that was detected

on the sample annealed for 16 h (see Fig. 5.6). It was not observed on the sample annealed

over 2 h due to the small amount of formed carbide, where carbide presence influences the

intensity of peaks corresponding to this phase.

Partial delamination of the layers on graphite substrate was visible on the SEM images (see

Fig. 4.39c in subsection 4.2.2) annealed for 16 h. This is the result of high tensile stress caused

by heat treatment and the formation of W2C which has a lower thermal expansion coefficient

of 1.2 · 10−6K−1 than that of W, 4.5 · 10−6K−1. In the experiments, only α-W2C could be

formed since WC and β-, γ-W2C, according to the W - C binary phase diagram, are formed

at higher temperatures. On the other hand, the formation of subcarbide causes the reduction

of C diffusion in EUROFER as the diffusion coefficient of C in W2C is 8.1 · 10−14m2 s−1, in
contrast to the diffusion coefficient of C in W of 2.8 · 10−12m2 s−1 [48].
The BSE image analysis of the surface of CWE_W2 annealed for 2 h gives 10% of the

surface coverage by white specks. The mean concentration of W at the sample surface is

4 at.%. If one assumes that all W has reacted with Fe and C then the W concentration in the

white specs should be about 40 at.%. This value is in a good agreement with data from [50]

(see more details in subsection 2.2.4), where a W concentration in M6C, that is (Fe, W)6C of

41− 48 at.% is reported.

As a consequence, in experiments with a W interlayer it is found that Fe and W begin

to react at 600 ◦C. Due to C and W diffusion in the EUROFER of the CWE_W2, the steel

layer has been changed due to the formation of a new phase Fe3W3C in it, while the W layer

has partially converted to W2C. Longer annealing results in further growth of a subcarbide

phase and a stress increase with consequent crack propagation and partial layer delamination.

The W concentration in EUROFER is found to be higher for the layer deposited on SiC than
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on graphite substrates. Since W has a high atomic number 74 and thus the precision of its

detection by IBA is very high (error 0.05 at.%), it is impossible to explain the difference in

concentrations through an error of spectra evaluation. Hence, the carbide Fe3W3C formed in

the EUROFER layer significantly affects the further suppression of W diffusion.

5.2.4 Re

Re was proposed in the literature as an appropriate diffusion barrier material for C

because it does not form carbides. Due to the absence of data on diffusion coefficients for the

Re - Fe couple it was impossible to estimate the reaction rate between Fe and Re.

In Fig. 5.7 the phase transformation of the EUROFER layer caused by the diffusion of Re

is shown. The samples SiCE_Re1 with thin (50 nm) layers were annealed at temperatures

from 400 to 1000 ◦C for 2 h to analyse the interaction between Re and Fe as well as between

Re and SiC. The concentration depth profile of SiCE_Re1 annealed at 600 ◦C obtained by

IBA revealed the presence of 0.3 at.% of Re in the EUROFER and no Si and C in the Re.
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Figure 5.7: Schematic sketch of the phase transformation caused by diffusion of Re in the

SiCE_Re2 sample

An investigation of the SiCE_Re1 annealed at higher temperatures by IBA was inap-

propriate due to the layer structure, as distinct from SiCE_Re2 with thick (500 nm) layers

annealed at 750 ◦C for 2 h. At 750 ◦C it was found that SiC did not decompose and react with

the Re and EUROFER layers. According to IBA results, the mean content of Re in the steel

layer of the SiCE_Re2 was 14.7 at.% (see Table 4.14 in subsection 4.2.2). In the XRD pattern

corresponding to SiCE_Re2 (see Fig. 4.48a in subsection 4.2.2) only a new phase of Fe2Re3
was observed. In that way, as a conclusion from these two analyses, no reaction between SiC

and metals appeared. This conclusion is in good agreement with the observations mentioned

in subsection 2.2.1 that no reaction was detected between Re and SiC at temperatures below

1100 ◦C [38]. The formation of a new phase between Fe and Re, namely Fe2Re3, can also

explain the precipitate formation that was clearly seen on the SEM image (see Fig. 4.47b in

subsection 4.2.2), because of the big difference in atomic numbers of Re (75) and Fe (26).

The concentration depth profiles of SiCE_Re2 before and after annealing at 750 ◦C were

used for the fitting procedure of the diffusion coefficient depending on the concentration of Re

in EUROFER. The maximum value of 1.6 · 10−17m2 s−1 corresponds to the low Re content.
It should be lower than the tracer impurity diffusion coefficient of Re in pure Fe due to the
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formation of a Fe2Re3 phase, which changes the chemical potential and, consequently, the

value of the diffusion coefficient itself. Due to a lack of literature data, it is impossible to

compare the calculated value of the diffusion coefficient with the tracer impurity diffusion

coefficient of Re in Fe and estimate the influence of the Fe2Re3 compound formation on the

rate of Re diffusion.

A schematic sketch of the phase transformations taking place in the layers on a graphite

substrate CWE_Re2 is shown in Fig. 5.8. An analysis of the influence of annealing tem-

perature on the interaction between Re and EUROFER and between Re and graphite of the

CWE_W1 sample with thin layers (50 nm) was performed for the temperature range from 400

to 1000 ◦C for 2 h duration. Synchronous increase of the C and Re contents in the EUROFER

layer due to diffusion (see Fig. 5.8) was observed after annealing at 600 ◦C. As a result, 9 at.%

of C and 0.6 at.% of Re were found in the steel. For detailed investigation of the diffusion

and phase formation, the CWE_Re2 sample with thick layers (500 nm) was analysed after

annealing at 750 ◦C for 2 h. The C and Re concentrations of 8.0 and 10.0 at.%, respectively,

were detected in the EUROFER layer.
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Figure 5.8: Schematic sketch of the phase transformations caused by diffusion of C and Re

in the CWE_Re2 sample

The intermetallic compound Fe2Re3 was found to be formed in the annealed CWE_Re2,

as it was for the sample with SiC substrate, SiCE_Re2, but in addition, Cr23C6 was formed

because of C diffusion through the Re layer into the EUROFER. This conclusion is based on

the results of XRD and IBA investigations. Thus, the appearance of both these phases was

observed on the XRD patterns of the annealed CWE_Re2 (see Fig. 4.48b in subsection 4.2.2).

Diffused C provides the formation of Cr23C6, while Re builds up the intermetallic compound.

Re does not form a carbide (see more in subsection 2.2.2) and a ternary phase Re - Fe - C

is absent, therefore free C forms carbides with Cr while diffusing into the steel that contains

9 at.% of Cr.

The presence of an Re - Fe compound has also been verified by observation of the precip-

itate formation in SEM images (see Fig. 4.47 in subsection 4.2.2). In contrast to Re - Fe, it

is impossible to see Cr23C6 by SEM, since this carbide has a high Cr content and the atomic

number of Cr is 24 which is very close to that of Fe, 26.

So, as a consequence, in experiments with a Re interlayer it was found that Re starts

to react with Fe at 600 ◦C. In the EUROFER layer on SiC the formation of a new phase

of Fe2Re3 has been observed after annealing, while on graphite two phases have appeared,
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Fe2Re3 and Cr23C6. One can compare the Re concentration in EUROFER for SiCE_Re2

with the same value for CWE_Re2: in the former case, the Re content is 14.7 at.%, which

is higher than for CWE_Re2 where only 10.0 at.% of Re has been detected. The same effect

is observed for the W interlayer. Therefore, C diffusion and the following carbide formation

influences the diffusion of Re species.

5.2.5 Re / W

Taking into account the experience of the application of W and Re as diffusion barriers

for C, a Re / W multilayer was chosen. Since Re reacted intensively with Fe, W was selected

as an adjoining interlayer to the steel. In [59, 60] the application of such a diffusion barrier

was investigated. It was found that due to C diffusion one of the W layers was transferred

into a WC compound, which in combination with the Re diminished the net C diffusion. This

multilayer kept its structure at temperatures below 1600 ◦C, which is much higher than the

maximum temperature in this work, 1000 ◦C.

For both multilayer samples, investigations by XRD and IBA were found to be much more

difficult than those applied to single layer interlayers because of the peaks overlapping for W

and Re.

In Fig. 5.9 a schematic sketch of the phase transformations caused by C and W diffu-

sion in EUROFER is presented for the CWE_Re_W1 consisting of three layers with equal

thicknesses of 180 nm: W / Re / W.
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Figure 5.9: Schematic sketch of the phase transformations caused by diffusion of C and W in

the CWE_Re_W1 sample

As it was observed earlier for the CWE_W2 with aW interlayer, the concentration depth

profile of the CWE_Re_W1 annealed at 750 ◦C for 2 h reveals an increase of the mean W

content by 5.4 at.%, therefore, the total W content in the steel is 5.7 at.%. At the same time,

the mean C concentration remains the same 2.0 at.%. From the concentration depth profile

given in Fig. 4.53 in subsection 4.2.2 it is seen that the C content rose to 4 at.% at the interface

between the EUROFER and W layers. This can be explained by the formation of Fe3W3C

compound at the reaction zone. In consequence, W partially diffused from the adjoining

W interlayer through the EUROFER layer, while the major of the W layer itself remained

the same. It confirms that the dominant process of Fe - W interaction is the W diffusion.
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Regarding the multilayer structure, the Re and W interlayers did not mix or interdiffuse into

each other after annealing at 750 ◦C for 2 h.

Due to the presence of Re and W peaks the most pronounced XRD peak of the Fe3W3C

phase was hidden. However, all other peaks with lower intensities related to the compound

were clearly observed, as well as the peaks corresponded to the W2C phase. Hence, the

Fe3W3C compound is formed in EUROFER as it is shown in Fig. 5.9. Taking into account

the direction of C diffusion, one can assume that exactly the W layer adjoining the graphite

is transferred to the W2C rather than the W adjacent to the EUROFER.

The Fe3W3C compound in the form of precipitates in EUROFER was observed as white

specks in the SEM image (see Fig. 4.51b in subsection 4.2.2). Additionally, the layers were

found to be cracked due to annealing. It is explained by the formation of W2C and the

following increase of stress at the interface due to a mismatch in the thermal expansion

coefficients of W2C and W: 1.2 · 10−6K−1 and 4.5 · 10−6K−1 [48], respectively.
Because of crack formation and the absence of interdiffusion between Re and W at this

temperature, the structure of the multilayer was modified to a system with four-interlayers,

namely Re / W / Re / W, with one W interlayer directly adjacent to the EUROFER layer.

This multilayer had a total thickness of 560 nm, and the interlayers possessed equal thicknesses

of 140 nm each.

The diffusion processes and following phase transformations are shown in the schematic

sketch for the CWE_Re_W2 sample in Fig. 5.10.
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Figure 5.10: Schematic sketch of the phase transformations caused by diffusion of C and W

in the CWE_Re_W1 sample with different annealing time

After annealing at 750 ◦C for 2 h the mean content of additional W diffused in EUROFER

from the adjacent interlayer rose to 4.6 at.%, i.e. the total W content in EUROFER was

4.9 at.%. The mean C concentration was 2.5 at.% and its concentration also increased slightly

at the interface zone between EUROFER and W because of C diffusion (see Fig. 5.10), as was

observed in the previous case of the CWE_Re_W1 sample. In the CWE_Re_W2 sample

each interlayer was thinner than in the CWE_Re_W1, therefore the part of the W layer

adjacent to the steel which did not react with EUROFER was also thinner. It was found that

the interlayers composing the multilayer did not react between each other after annealing

for 2 h. After annealing for 16 h the interdiffusion between Re and W interlayers took place.

107



Due to an overlapping of the peaks relating to Re and W it was impossible to separate them

and detect the composition of each interlayer by IBA. As regards the EUROFER layer, its

composition changed due to a simultaneous increase of the mean concentrations of C and

additional W (from interlayer) to 12.0 and 6.7 at.%, correspondingly. This strong rise of the

C content could also be a consequence of the interaction between W, Re and Fe.

Precipitate formation in the form of white specks was observed in the SEM images related

to the samples annealed for 2 and 16 h. One significant difference between these two samples

was the absence of crack formation in case of the sample annealed for only 2 h, in contrast to

that annealed for 16 h. Unlike the W interlayer, the multilayer did not delaminate after long

annealing for 16 h because of the lower stress in the layer due to the formation of the thinner

W2C layer at the interface.

A Fe - W compound was formed due to W diffusion into the EUROFER and the presence

of precipitates. This was confirmed by the results of XRD analysis since very small peaks in

the XRD patterns belonging to Fe3W3C were observed. Additionally to the Fe3W3C phase,

W2C was detected for the sample annealed for 16 h. Due to the presence of numerous peaks

from Re and W in the XRD pattern the peaks related to the W - Re phase, which could have

been formed in the CWE_Re_W2 annealed for 16 h, were hidden.

In conclusion, the longer duration of 16 h at 750 ◦C leads to the mixing of Re and W

and loss of the diffusion barrier properties. The observed discrepancies in the temperatures of

layer intermixing compared to [59,60] can be explained by two important differences. The first

one is the thickness of the interlayers. In this work each layer was 140 nm in thickness, while

in [59,60] the thickness of the interlayers varied from 2 to 10μm. Thus, in the latter case each

layer was significantly thicker than in case of the CWE_Re_W2. The second fact is that the

composition of these interlayers in [59,60] was measured by applying energy dispersion X-ray

spectroscopy and an electron probe micro analyzer to the sample cross-section in the middle

of each layer. The precision of both those techniques is much lower than that of the IBA used

in this work. Furthermore, the authors did not investigate the composition of the interface

between Re and W. In these experiments, the concentration depth profile, and therefore the

composition of the layer at every point, was investigated by IBA which is very sensitive to

the content of W and Re.

5.3 EUROFER layer with ceramic interlayer

Three different ceramic interlayers, TiC, TiN and Er2O3, were selected as a diffusion

barrier for C due to their stability at high temperatures with respect to Fe.

5.3.1 TiC

Before application of the TiC interlayer as a diffusion barrier, investigations of the influ-

ence of such deposition parameters as applied power density, bias voltage and sputtering of

TiC or Ti and C targets on the layer structure and its composition were performed. Since
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an increase of the deposited coating’s thickness led to its degradation, only samples with a

50 nm thick TiC layer working as a diffusion barrier were used in the annealing experiments.

The samples with TiC and EUROFER layers on SiC (SiCE_TiC1) and graphite

(CWE_TiC1) substrates were annealed at temperatures from 400 to 1000 ◦C for 2 h. An-

nealing of the SiCE_TiC1 at temperatures higher than 400 ◦C resulted in blister formation

in the SiC substrate. These blisters are obviously formed in an Ar enriched surface zone of

the SiC substrate. The enrichment is due to the implantation of energetic Ar ions at the

beginning of the deposition process. This conclusion was made basing on observation by IBA

of an increased Ar content near the surface zone of the substrate due to application of the

bias during deposition. Additionally, in the similar case of blistering in the SiC sample with

a ZrO2 layer, the roughness of the substrate increased. Such phenomena can be explained in

the following way. According to [99], blisters are plastic dome-shaped bulgings of the surface

layer of mostly circular circumferences. The blistering appears due to a critical gas concen-

tration in the target caused by gas ion implantation. Such effects were observed for ions of

different gases, including Ar+, with different substrate materials. If the gas is introduced

into the solid by implantation, strong nonequilibrium states of the gas-substrate system may

be obtained [99]. Due to sufficiently low temperatures, the diffusion of the implanted gas is

negligible. No blistering was observed for the samples being as-deposited and annealed at

400 ◦C. Since the Ar atoms diffuse via the vacancy mechanism, this process proceeds very

slowly at such temperatures. An increase of the temperature accelerates the Ar diffusion.

The Ar atoms can accumulate in the pores located near the surface of the SiC. Due to stress

caused by the excess of pressure in the cavities (pores) the blisters start to grow. At temper-

atures of 750 ◦C and higher, holes in the cover of the bulgings were observed. In addition to

the blistering, the layers were agglomerated at temperatures of 750− 1000 ◦C.
To find the reason for the blistering, one should compare the deposition parameters of TiC,

TiN and ZrO2. In contrast to TiC and ZrO2, TiN did not reveal any blistering of the samples

before and after annealing. In both depositions a VBias was applied to the substrates. For

TiN the values of the applied VBias varied from 65 to 80V, whereas for TiC and ZrO2 it was

changing every 5min between 55 and 180V. Since the mean projectile range depends on the

ion energy, Ar is implanted deeper into the substrate in the case of a higher electric potential.

Therefore, the blistering was observed for the samples with TiC and ZrO2 as distinct from

TiN. Consequently, the possible solution of the problem for SiC substrate could be the use of

a low VBias. However, the samples with graphite and SiC substrates could not be deposited

simultaneously because low values of VBias are not suitable for the graphite in terms of coating

quality. As it was observed for samples with a graphite substrate deposited at a low VBias,

the structure of the TiC layer possessed empty hillocks. This layer structure at the interface

zone leads to degradation of the composite properties due to fibre debonding.

As for the CWE_TiC1, the structure and composition of the layers did not change upon

annealing at temperatures up to 600 ◦C. According to the SEM image of the sample annealed

at 750 ◦C (see Fig. 4.58c in subsection 4.2.3), an assumption can be made that the TiC layer
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was stable, since its hilly structure was observed below the agglomerated EUROFER observed

in the form of grey formations. It was impossible to carry out IBA, XRD investigations of

the layer composition and phase formations due to inappropriate surface conditions of the

sample. After annealing at 1000 ◦C both layers were destroyed.

One can estimate the effectiveness of the application of a TiC interlayer by comparison

with a pure Ti interlayer. The C concentration in the EUROFER with a Ti barrier after

annealing at 600 ◦C for 2 h increased by 2 at.%, while with the TiC barrier it remained the

same as for the as-deposited sample. Concerning interaction between the layers, the Ti and

EUROFER layers were partly intermixed after annealing, since 25 at.% of Fe was found in

the Ti and 12 at.% of Ti in the EUROFER. As to TiC, only 2 at.% of Fe was found in the

interface zone between TiC and EUROFER. Therefore, in addition to the suppression of C

diffusion at 600 ◦C, TiC was found to be stable with respect to reactions with EUROFER.

5.3.2 TiN

Prior to applying the TiN layer as a diffusion barrier the influence of different parameters,

such as applied power density, partial pressure of N2 and substrate bias, on composition,

surface structure and crystalline structure of TiN was studied. The samples with a thin

(50 nm) TiN interlayer on SiC (SiCE_TiN2) and graphite substrates (CWE_TiN2) were

annealed at temperatures from 400 to 750 ◦C. Since the deposition rate of TiN was 0.5 nms−1,

it was impossible to produce layers with 500 nm thickness used in the other investigations.

The surface structure of the as-deposited coatings was different for SiCE_TiN2 and

CWE_TiN2 due to the influence of the substrate material on layer growth. After annealing

at temperatures below 750 ◦C for 2 h, both TiN and EUROFER homogeneously covered the

surface of the SiCE_TiN2 and CWE_TiN2 samples. In accordance with IBA spectra, the

TiN and EUROFER layers started to react at 600 ◦C since the Ti content in the EUROFER

increased to 2 at.% after annealing. In addition, C diffused into the TiN and its concentra-

tion was 12 at.% after annealing at 600 ◦C. At the same time, the C concentration in the

EUROFER remained the same as for the original sample. At 750 ◦C the surface roughness

of the SiCE_TiN2 sample increased due to the growth of small crystals (see Fig. 4.60c in

subsection 4.2.3). As regards to CWE_TiN2, the EUROFER layer began to agglomerate at

this temperature, while TiN remained stable according to the SEM images and EDX analysis

(see Fig. 4.61c in subsection 4.2.3).

In [44] it was found that a TiN layer on steel substrate could withstand temperatures up

to 950 ◦C before starting to form titanium carbonitride. In the experiments reported here,

the TiN layer appeared to be stable at temperatures up to 750 ◦C and did not react with

EUROFER at all. The content level of Ti in the EUROFER of 2 at.% after annealing at

600 ◦C can be explained by the presence of some free Ti in the TiN layer which had not

formed a compound during deposition. This assumption also correlates with the fact that the

TiN layer remained the same after annealing at 750 ◦C, while the EUROFER agglomerated.

If the layers reacted then the layer structure of the TiN would have changed.
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5.3.3 Er2O3

In [88] Er2O3 was investigated as a H diffusion barrier. Since both H and C diffuse via

interstitials, one can suggest that Er2O3 can also be applied as the C diffusion barrier basing

on the good experience with H described in [88]. Furthermore, Er2O3 does not reveal any

phase transformation at temperatures up to 2200 ◦C, and because of its stability this material

is currently investigated as an insulating coating to prevent contact with liquid Li in future

fusion reactors [100].

Er2O3, in contrast to all the other layers, was deposited by a filtered arc technique since

it was impossible to produce a coating possessing a crystalline structure by magnetron depo-

sition. Additionally, only this layer was deposited at the elevated temperature of 600 ◦C. The

data on Er2O3 is limited and therefore it was hard to predict the interaction processes which

could occur between EUROFER and Er2O3.

The sample CWE_Erbia1 with a thick (500 nm) erbia coating on a graphite substrate

was annealed at 750 ◦C for 2 h. After annealing the crystals of EUROFER were grown on the

sample surface which resulted in an increase of the layer roughness observed during processing

of the IBA spectra. In spite of the crystals growth, the surface of the sample was homoge-

neously covered without any open areas. Neither a new phase formation appeared, nor any

interaction between the Er2O3 and EUROFER was observed, according to SEM, IBA and

XRD. Er has the high atomic number of 68, therefore even a small amount of this element

diffused into EUROFER, after decomposition, can be detected by IBA with high precision

and phase formation would be seen by the appearance of white specks (because of the high

atomic number) on the SEM image. Furthermore, the C concentration in both Er2O3 and

EUROFER layers remained at the same level of 2 and 1.5 at.%, correspondingly, as before

annealing. Since the interlayer was deposited at 600 ◦C, thermal stress caused by the temper-

ature rise should be lower than that for all other interlayers. This can significantly influence

the layer resistance to crack propagation and delamination.

5.4 Comparison of investigated interlayers

Tomake a detailed comparison of the investigated samples with and without an interlayer,

the mean concentrations of C and interlayer components are presented as diagrams in Fig. 5.11

and Fig. 5.12. In Fig. 5.11 data for the samples with thin (50 nm) layers annealed at 600 ◦C

for 2 h are given, while in Fig. 5.12 data for thick (500 nm) layers annealed at 750 ◦C for 2 h

are presented. To estimate the effectiveness of application of each interlayer, results for the

sample without any interlayer, i.e. possessing only a EUROFER layer, are also given in the

figures.

As seen, the worst case is related to the application of a Cr interlayer. The samples

annealed at 600 ◦C with all investigated interlayers, except Cr, did not mix completely with

the EUROFER layer and the C concentration in EUROFER remained below 10 at.%.
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Figure 5.11: Mean C and interlayer component concentration in EUROFER layer for “thin”

samples (each layer 50 nm) after annealing at 600 ◦C for 2 h: a) mean C concentration and

b) mean concentration of interlayer component

Accordingly, these interlayers suppressed C diffusion, since the C concentration in EURO-

FER without any interlayer was at the higher level of 19 at.%. In contrast, after annealing of

the sample with a Cr interlayer both Cr and EUROFER were found to be mixed and, more-

over, the C concentration in the "EUROFER" (which was actually not EUROFER any more

in terms of its content) was even higher than that without any interlayer. The situation was a

little better with the Ti and Re layers. The application of Ti as a diffusion barrier decreased

the C concentration in the EUROFER down to 6 at.%, while with Re only to 9 at.%, but

the mean Ti concentration in the steel of 12 at.% was significantly higher than in the case

of Re, 1 at.%. The best results were observed with the W and TiN layers. TiN suppressed

C diffusion better than W but the Ti content in the EUROFER appeared to be higher than

the W content. If the assumption about the presence of free Ti in TiN is correct, then over

an extended period the W concentration in the EUROFER would rise in comparison to Ti,

since TiN is stable even at higher temperatures. TiC is not considered in the group of the

successful layers due to blistering, the reason for which is only suggested and is not confirmed

experimentally.

In histograms of Fig. 5.12 the results of IBA analysis for samples annealed at 750 ◦C for

2 h are shown. For Ti the C and interlayer component concentrations in EUROFER are

not given since both layers have mostly delaminated from the graphite substrate and partly

delaminated from the SiC. Because of the low deposition rate of TiC and TiN they have

not been investigated with a thickness of 500 nm and, consequently, they are not presented

in these figures either. The opposite problem has arisen during deposition of Er2O3: owing

to a very high deposition rate (compared to the other interlayers) this interlayer has been

investigated only with a thickness of 500 nm. Additionally, the results for both multilayers

are presented here.
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Figure 5.12: Mean C and interlayer component concentration in EUROFER layer for “thick”

samples (each layer 500 nm) after annealing at 750 ◦C for 2 h: a) mean C concentration and

b) mean concentration of interlayer component

Among the thick layers, the application of a Cr interlayer results in the highest concen-

trations of C and interlayer components in the EUROFER. The same situation appears for

thin layers. In addition, only for a Cr interlayer has the decomposition of SiC, and thus the

diffusion of Si and C, been detected. As for the thin layers, with the application of a Re

interlayer both C and interlayer component concentrations are relatively high, which makes

the use of Re as the barrier ineffective. Other metallic interlayers show quite similar results

with the exception of the Re / W1 multilayer where crack propagation after annealing is

observed. The best layer serving as a diffusion barrier is Er2O3 as the C concentration in the

EUROFER has not increased upon annealing and no interlayer component diffusion into the

steel has been detected.

In conclusion, the best candidates for further investigations as a diffusion barrier with

fibres seem to be W, Re / W2, TiN and Er2O3.

5.5 Annealing of SiC fibres with W interlayer

The W interlayer was chosen for the first annealing experiments with SiC fibres because

of the simplicity of its deposition. To investigate the applicability of the results gathered

with coatings on planar graphite substrates to the coatings on SiC fibres, a set of fibres

(SCS6E_W3) was prepared with a coating similar to that of the planar sample CWE_W2.

The fibres were coated with EUROFER and a W interlayer using magnetron sputtering

thereby applying the same deposition parameters that had been used for CWE_W2. The

layers had a uniform thickness distribution in the radial direction, i.e. around the fibre, while

in the axial direction, along the fibre, the thickness varied due to the construction of the fibre

holder. Due to the inhomogeneous distribution of the layer along the fibre the thickness of
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the layers was significantly lower than for the planar samples: the total thickness of the layers

deposited on the planar substrate was 1μm, while the coatings on the fibre were thinner (the

total thickness ∼ 700 nm, see Fig. 5.14b).
The same annealing procedure (750 ◦C for 2 h) as for planar samples was applied to the

coated SiC fibres.The surface of the annealed planar sample (see Fig. 5.13a) looked similar to

the surface of the annealed fibre (see Fig. 5.13c). The W and EUROFER layers were found to

react in both cases, leading to the appearance of a precipitate formation visible on the SEM

image of Figs. 5.13a and c as white specks caused by the difference in the atomic numbers for

Fe (26) and for W (74). Formation of holes on the surface of the coated fibres, which was not

observed on the surface of the planar sample, can be explained by the difference in the layer

thickness. No cracks on the annealed coated fibre were found, according to the SEM image

made at low magnification (Fig. 5.13b). Consequently, the results obtained for the planar

graphite samples show the same reaction behaviour as the SiC fibres.

Figure 5.13: Comparison of the SEM surface images of the samples coated with both W

and EUROFER layers annealed at 750 ◦C for 2 h: a) image of sample with planar graphite

substrate with magnification of ×10000, b) image of the SiC fibre with magnification of ×500
and c) image of the SiC fibre with magnification of ×10000

To show the effectiveness of application of the W interlayer as a diffusion barrier, cross-

sections of the SiC fibres with and without interlayer are presented in Fig. 5.14. In Fig. 5.14a

the cross-section of the fibre coated with a EUROFER layer (SCS6E3A6) by both magnetron

and arc processes (no barrier layer) after annealing is shown. To protect the annealed fibres

from the delamination of the coating during preparation of the cross-section they were addi-

tionally coated with Cu and then embedded in resin. At the beginning of subsection 4.2.1

this sample, SCS6E3A6, was shown after annealing at temperatures of 600 and 800 ◦C for 2 h

(see Fig. 4.17).
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Figure 5.14: SEM images of SiC fibres a) SiC fibre coated with EUROFER layer by both

magnetron and arc techniques annealed at 600 ◦C (SCS6E3A6), b) SiC fibre coated with W

and EUROFER layers by magnetron technique annealed at 750 ◦C for 2 h, image made in

SE mode, and c) SiC fibre coated with W and EUROFER layers by magnetron technique

annealed at 750 ◦C for 2 h, image made in BSE mode

Here the cross-section of the SCS6E3A6 after annealing only at 600 ◦C is presented in

Fig. 5.14a with the higher magnification of ×10000. The region limited by red lines is the
reaction zone which appeared due to the interdiffusion between the fibre and coating caused

by annealing. The cross-section of the SiC fibre coated with the W and EUROFER layers

(SCS6E_W3) described above is shown in Figs. 5.14b and c. These images were made from

the same location in SE and BSE modes. A white stripe visible in Fig. 5.14c corresponds

to the W interlayer. Since the atomic numbers of Fe (26) and C (6) are much lower than

of W (74), the EUROFER layer and outer fibre coating are visible as grey and black areas,

respectively. If W had interacted with the fibre, the reaction zone would have appeared on

the BSE image between the white and black stripes. One can conclude from the SEM images

taken after annealing the SCS6E_W3 at an even higher temperature of 750 ◦C than applied

to the SCS6E3A6 shown here, that no reaction zone has formed. Therefore, the W interlayer

has effectively suppressed the interdiffusion between the SiC fibre and the EUROFER layer

at 750 ◦C.
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6 Summary and Conclusion

To increase the operating temperature of the first wall of future fusion reactor, a new com-

posite material, EUROFER (a 9%Cr steel) reinforced by SiC fibres, has been proposed. The

main tasks of the work presented here are investigation of the interfacial behaviour between

SiC fibre and EUROFER 97 matrix elements and possible ways of controlling the diffusion

interfacial reactions by applying an additional interlayer. The following materials have been

investigated as diffusion barriers:

• Metals: Ti, Cr, W, Re and Re / W

• Ceramics: TiC, TiN and Er2O3.

Two directions of the work are described, namely coating deposition procedures and a

study of the influence of annealing on interface diffusion and reaction processes.

Deposition
In this work, problems associated with the deposition of EUROFER due its ferromagnetic

properties arose. To make the deposition of EUROFER 97 feasible, the magnetron sputter

and plasma arc facilities were improved. This allowed an increase in the deposition rate by

the magnetron facility from an original 0.5 nmmin−1 to about 25 nmmin−1, which resulted

in a significant decrease of O and C contents in the EUROFER layer. As for the plasma arc

facility, the longer non-stop deposition process for over 2 h became possible by a modification,

in contrast to the 20min with the original configuration. The composition and crystalline

structure of the coatings made by both magnetron and arc depositions are close to those of

bulk EUROFER 97.

Magnetron sputter process was utilised for the deposition of Me interlayers: Ti, Cr, W

and Re. All of them were deposited in DC mode without any modification of the deposition

technique. The layers revealed crystalline structure and low content of O and C.

For the deposition of ceramic coatings, the task was to achieve the composition and crys-

talline structure of the stoichiometric TiC, TiN, ZrO2 and Er2O3 compounds. In addition,

the ceramic coatings were to possess a smooth layer structure without cracks or blistering.

For the deposition of TiC the influence of the variation of such factors as the dual sput-

tering of Ti and C targets, substrate material, bias voltage, and applied power density on

the composition and layer structure has been investigated. It was found that the layer pos-

sesses a crystalline structure and composition close to stoichiometric TiC only in the case of

dual magnetron deposition. The substrate material influences the structure of the deposited

layer. By applying a cyclically varied bias voltage, a smooth layer structure was formed on

the graphite substrate instead of an undulating layer structure as deposited at low values

of the bias voltage. In the case of a SiC substrate Ar ion implantation was assumed to be

the reason for the blister formation, where blisters appeared after annealing at temperatures

above 400 ◦C.
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For the deposition of TiN, reactive sputtering was utilised. The influence of the applied

power density, substrate material, and the ratio of the partial pressures of Ar and N2 on the

layer composition and structure were investigated. The application of a high power density

to the Ti target was found to cause serious layer degradation. As was observed for TiC, the

structure of the TiN coating depends on the substrate material. It was found that the ratio

of the partial pressures of Ar and N2 gases equal 3 was the optimum for achieving a fine layer

structure with composition close to the stoichiometric TiN.

For the deposition of ZrO2, reactive sputtering was used. In contrast to the two previous

ceramic coatings, in this case the substrate material did not affect the layer structure. In spite

of the fact that the layer was smooth and its composition close to that of stoichiometric ZrO2,

it was not investigated as a diffusion barrier for the following reasons: 1) the layer structure

remained amorphous both before and after annealing at 800 ◦C; 2) crack propagation was

observed in the layer deposited on a graphite substrate; 3) blister formation was found on the

SiC substrate with and without annealing.

Er2O3 deposition was carried out with both the magnetron sputter and filtered plasma arc

processes. The layer revealed a smooth fine structure when deposited on both graphite and

SiC substrates. After annealing at 800 ◦C, the coating produced by the magnetron deposition

revealed a crystalline structure and a composition corresponding to stoichiometric Er2O3,

albeit cracked. To overcome this problem, a filtered plasma arc facility was utilised for

the deposition of Er2O3 at 600 ◦C. The layer produced in this way showed the required

stoichiometry and crystallinity, with a smooth structure. In addition, the achieved deposition

rate of 100 nmmin−1 was almost 20 times higher than that by the magnetron deposition

technique.

Annealing experiments
The SiC fibres coated with EUROFER by both the magnetron and plasma arc processes

were investigated at temperatures up to 800 ◦C to simulate the temperature loads of the

future composite material during production and operating conditions. These annealing tests

showed the necessity of a diffusion barrier for the suppression of the interdiffusion between

the fibre and matrix elements. Investigations of the planar samples confirmed this conclusion.

Since the outer coating of used SiC fibres consists mainly of C, the diffusion of C into

EUROFER has been thoroughly studied. The cementite Fe3C formed during annealing was

found to strongly decrease the rate of C diffusion. A dependence of the diffusion coefficient,

D, of C on its concentration in EUROFER has been calculated for the temperature of 750 ◦C.

The maximum value of D corresponded to low C concentrations and was estimated to be

3 · 10−17m2 s−1. This value appears to be lower than the tracer diffusion coefficient of C in
pure Fe at the same temperature and as assumed to be due to the following factors:

• For most of the annealing time the process should be considered as C diffusion in Fe3C,
rather than in pure Fe, since cementite decelerates C transport and, therefore, decreases

the diffusion coefficient of C
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• The presence of Cr in the EUROFER composition: C diffusion is slower in Fe - Cr alloy
than in pure Fe.

Diffusion processes in the presence of different interlayers have been studied.

With a Ti barrier, the intermixing of Ti and EUROFER layers was observed upon anneal-

ing at temperatures higher than 400 ◦C. This intermixing is assumed to be the reason for the

crack appearance and their further propagation and, for the layers deposited on the graphite

substrate, an almost complete delamination caused by the transformation of α-Ti to β-Ti at

lower temperatures.

With a Cr barrier, the complete intermixing of Cr and EUROFER was detected at 600 ◦C.

Only in the case of a Cr interlayer the decomposition of SiC at 750 ◦C was observed that

resulted in the phase formations Fe3Si, (Fe, Cr)23C6 and (Fe, Cr)7C3. The intermixing makes

the suppression of C diffusion by the application of Cr essentially worse since C diffusion leads

to the formation of Fe3C and Cr7C3. Furthermore, C concentration in this layer appears to

be even higher than in EUROFER annealed at the same temperature but without application

of any interlayer.

As regards to a W diffusion barrier, the interaction of W and EUROFER starts at 600 ◦C.

The diffusion coefficient of W in EUROFER at the temperature of 750 ◦C was found to

be independent of the annealing time. The maximum value of D corresponded to low W

concentrations and was estimated to be 5 · 10−18m2 s−1. In addition to EUROFER, some
new phases were formed due to annealing, namely Fe3W3C and α-W2C. The application of

a W barrier seems to be useful since the C concentration in EUROFER is kept well below

that without an interlayer. This interlayer has also been tested with SiC fibres because of

good experience with planar substrates and the simplicity of its deposition. In contrast to

SiC fibres coated only with EUROFER, no interaction between the layers and the fibre is

observed after annealing at 750 ◦C for 2 h.

Similar to W, the interaction between a Re interlayer and EUROFER becomes evident

at 600 ◦C. The diffusion of Re in EUROFER is faster than W in EUROFER, which results

in a higher concentration of Re in the steel, and, as a consequence, a higher value of the

diffusion coefficient of Re in EUROFER, 1.6 · 10−17m2 s−1, for low concentrations. Owing to
Re diffusion, the Fe2Re3 compound is formed. In addition to Fe2Re3, for the sample on a

graphite substrate, Cr23C6 is built due to C diffusion. The interaction of Re with EUROFER

makes the suppression of C diffusion by an Re interlayer worse.

Utilising a Re / Wmultilayer, the W diffusion from an adjoining layer in combination with

simultaneous C diffusion into the EUROFER is found to form Fe3W3C. Longer annealing

transforms the intermediate W interlayer into W2C. In combination, these processes lead

to the formation of an effective barrier with very promising results on the suppression of C

diffusion observed using a four-layer coating.

A TiC interlayer seems to be more effective for the suppression of C diffusion than pure

Ti. It was found that TiC remains stable up to 750 ◦C.
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ATiN interlayer appears to be also stable up to temperatures around 750 ◦C. Furthermore,

it effectively suppresses C diffusion in the EUROFER at these temperatures.

Regarding ceramic barrier layers, the best results were achieved with the application of an

Er2O3 interlayer. In this case, no diffusion of C as well as no interaction between the Er2O3
and EUROFER was observed after annealing at 750 ◦C.

Finally, according to a comparison of the effectiveness of each interlayer, the following

interlayers can be proposed for use as a diffusion barrier in the system of SiC fibre - EURO-

FER 97 matrix: W, Re / W multilayer, TiN and Er2O3.
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Appendices

A Introduction to Fusion

Fusion has the potential of providing an essentially inexhaustible source of energy for the

future [2]. For two nuclei to fuse, they need sufficient energy to overcome the repulsive Coulomb

force acting between them. Due to the presence of this Coulomb barrier the cross-sections of

the nuclear reactions between charged particles reaches reasonable values only at high incident

energies of the colliding particles. This condition leads to the selection of elements with low

atomic numbers as the reacting fuel elements. Therefore, the most promising fusion reaction

is the D-T reaction which occurs between the hydrogen isotopes deuterium and tritium:
2D1+ 3T1 −→ 4He2 (3.5MeV)+ 1n0 (14.1MeV) .

The reaction is induced in collisions between particles and the cross-section for this reaction,

shown in Fig. A.1, is therefore of fundamental importance. The cross-section corresponding

to the D-T reaction is much greater than that for other potential fusion reactions at low

energies (E < 200 k eV), which is the reason why this reaction is the most favourable.

Figure A.1: Cross-sections for the reactions D-T, D-D and D-3He [3].

The fusion of 1 g of T together with 2/3 g of D produces 576GJ of thermal energy [2].

The D fuel is abundant and can be extracted from seawater where it exists as 0.0153 at.%.

T does not occur naturally but sufficient quantities to fuel a fusion reactor may be bred from

Li in a so-called blanket surrounding the vacuum vessel via the following reactions [3]:
6Li3+ 1n0 −→ 3T1+ 4He2 + 4.8MeV
7Li3+ 1n0 −→ 3T1+ 4He2+ 1n0 − 2.5MeV.

It is suggested therefore to place the Li breeding blanket around the fusion chamber, where

the fusion neutrons can produce T.
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To overcome the repulsive Coulomb force, the D and T particles should have an energy

of about 10 k eV. At these energies the hydrogen atoms are ionized and form a plasma, i.e.

macroscopically neutral collection of ions and electrons. This plasma can be magnetically

confined if it is placed in a strong magnetic field. In this configuration, the charged particles

describe helical paths around the field lines. If the field lines are oriented parallel to the reactor

walls then the escape of the particles from the reaction zone is hindered and the thermal flux

is decreased. For these conditions the transport of particles across the magnetic field takes

place mainly by collisions between the particles. The thermal flux across the magnetic field is

significantly decreased if the Larmor radius is much less than the mean free path between the

particles collisions. For a D-T plasma this condition is satisfied with a magnetic field of 100G

for a plasma with temperature ∼ 10 k eV and density 1021m−3. The quality of the magnetic
cofinement is characterised by a different criteria, namely the Lawson criterion:

nτET ≥ f(T ),

where n is the plasma density, T is the plasma temperature and τE is the energy confinement

time, which characterises the heat insulation. For fusion reactors working on the D-T reaction

the criterion for the optimal energy conditions relates to the minimum of the curve nτE(E),

which corresponds to following parameters: nτE ≥ 0.5 · 1020m−3 s and T = 17 k eV.

In the simplest plasma confinement systems, the magnetic field lines remain within a

toroidal chamber. However, in a simple toroidal system with a purely toroidal magnetic

field the magnetic field curvature and gradient results in a vertical drift which is in opposite

directions for the ions and electrons and therefore leads to charge separation and the creation

of a radial electric field. To avoid this, the addition of a twist of the magnetic field lines

is necessary. A poloidal magnetic field must be applied additionally to the toroidal one to

compensate this charge separation. The resulting helical magnetic field is entirely contained

within the toroidal confinement chamber. The manner of producing this poloidal field differs

in the two main reactor concepts: the tokamak and stellarator. In the tokamak concept the

poloidal field is produced by a toroidal current flowing in the plasma (see Fig. A.2a), while

in stellarator by external coils (see Fig. A.2b).

The tokamak concept was proposed by Tamm and Sakharov and realised by Artsimovich

in 1952. The toroidal magnetic field is produced by a set of toroidal coils which encircle the

plasma. An electric current in the plasma gives rise to the poloidal component of the magnetic

field and, therefore, the twist is produced by the plasma itself. The current also serves for

part of the plasma heating.

The stellarator concept was proposed by Spitzer in 1951. In a stellarator the twist of

the magnetic field lines is produced by external coils placed around the plasma torus. These

external coils have the advantage that the current can be controlled from the outside.

Tokamaks have proved to be very successful in fusion experiments and exactly this con-

cept has been proposed for the experimental fusion reactor ITER. In contrast to tokamaks,

stellarators are very difficult to build from the engineering point of view. Nevertheless, the
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worlds most advanced stellarator, W-7X, is currently being built in Greifswald in Northern

Germany.

Figure A.2: Schematic view of two magnetic confinement concepts: a) tokamak and b) stel-

larator

DEMO, which is planned to be the first electricity producing reactor, is based on the

tokamak concept as shown in Fig. A.3. There are currently four plant models of it, denoted

by the letters A - D. Each of these models supposes a life time of 25 full power years. These

models differ principally in the concepts used for the divertor cooling [4] (red area in Fig. A.3).

Figure A.3: Schematic view of DEMO. The major radius is different for all plant models:

model A 9.55m, model B 8.6m, model C 7.5m and model D 6.1m

The main parameters of these models are shown in Table A.1, where the plant efficiency

is the ratio between the net electric power output and the fusion power and aspect ratio is
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the ratio between major radius and minor radius.

Parameter Model A Model B Model C Model D
Fusion power [ GW] 5.00 3.60 3.41 2.53
Plant efficiency 0.31 0.36 0.42 0.60
Aspect ratio 3.0 3.0 3.0 3.0
Major radius [m] 9.55 8.6 7.5 6.1
Plasma current [MA] 30.5 28.0 20.1 14.1
Average temperature [k eV] 22 20 16 12
Average neutron wall load [MW/m2] 2.2 2.0 2.2 2.4
Divertor peak load [MW/m2] 15 10 10 5

Table A.1: The main parameters of the four plant models of DEMO

In model A based on a liquid lithium-lead blanket with water cooling, the structural

material is EUROFER 97. In model B based on a blanket of alternate layers of lithium

ortho-silicate and beryllium pebbles, helium is used as the coolant. The structural materials

are EUROFER 97 and 316 stainless steel. In model C the heat is removed by circulation

of the lithium-lead itself and helium coolant passing through channels in the structure. A

combination of ODS RAFM steel and EUROFER 97 is planned to be used in this case.

Model D has a lithium-lead blanket in which the LiPb itself is circulated as the primary

coolant. The structure material is a SiC / SiC composite. A helium-cooled divertor requires

the development of a W alloy as a structural material due to the high operating temperature

of the coolant (600−700 ◦C), which is incompatible with the maximum operation temperature
of EUROFER 97 [4]. It is from such considerations that the problem of the limitation of the

operating temperature of EUROFER 97 first appeared. This problem can be solved by the

method proposed in this work which suggests the use of SiC fibres as a reinforcing material

for EUROFER 97.
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B Computation of Diffusion Coefficients

As mentioned in subsection 2.1, to determine the diffusion coefficient taking into account

its concentration dependence, Fick’s second law has to be solved:

∂C (x, t)

∂t
=

∂C (x, t)

∂x

∂D (x, t)

∂x
+D (x, t)

∂2C (x, t)

∂x2
, with D (x, t) ≡ D (C (x, t)) . (B.1)

Equation (B.1) can not be solved analytically for arbitrary boundary conditions and D (C)

dependences. Therefore, a numerical scheme based on finite differences was adopted.

The program DIFFUSEDC [26,27] uses the explicit finite difference method. The depth

range of x is divided into intervals ∆x and the time into intervals ∆t. By using a Taylor’s

series expansion and neglecting higher orders in the expansion of x, keeping time t constant,

the first and second directional derivatives of the concentration can be written as:

dC (x, t)

dx
=

C (x+∆x, t)− C (x−∆x, t)

2∆x
,

d2C (x, t)

dx2
=

C (x+∆x, t)− 2C (x, t) + C (x−∆x, t)

∆x2
.

Similarly, for the time derivative of the concentration one can write the following forward

difference expression keeping x constant:

dC (x, t)

dt
=

C (x, t+∆t)− C (x, t)

∆t
.

Thus, the diffusion equation (B.1) can be transformed into the equation:

C (x, t+∆t)− C (x, t)

∆t
= [D (x+∆x, t)−D (x−∆x, t)]

C (x+∆x, t)− C (x−∆x, t)

2∆x
+

+D (x, t)
C (x+∆x, t)− 2C (x, t) + C (x−∆x, t)

∆x2
. (B.2)

The program DIFFUSEDC solves the equation (B.2) with the following boundary condi-

tion:

dC (x, t)

dx

¯̄̄̄
boundary

= 0,

which corresponds to an infinite diffusion barrier on the surface, i.e. no out-diffusion. The

depth profile calculated in this way can be fitted to an experimental depth profile by variation

of the concentration dependence of the diffusion coefficient [26,27]. As shown in [25] the value

0.5 is critical forD∆t/∆x2. The depth profile, which is used for the DUFFUSEDC calculation

has to be specified such that
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D∆t

∆x2
¿ 0.5, (B.3)

since otherwise the solution becomes unstable. The choice of the ∆t/∆x2 ratio is based on a

trade off between calculation time and accuracy. A small value of ∆x results in high accuracy

but long calculation times due to the requirement (B.3).

The program DIFFUSEDC allows simulations with both a constant and concentration

dependent diffusion coefficient. The function for D(C) can be specified either by a set of

data points or by a Boltzmann function with four parameters A0, A1, X0 and dX as shown

in Fig. B.1.

D'(C)=(A1-A0)/dX

X0

A1

A0

D

C

Figure B.1: Variable parameters for specification of the shape of D(C)

After deciding on the proper ∆t and ∆x step widths the measured diffusion depth profile

is fitted by iteratively varying the four parameters of the Boltzmann function. A user-friendly

interface makes the fitting very straight forward and allows the profiles to be viewed together

in the same window (see Fig. B.2).
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Figure B.2: Diffusion depth profiles

All data used in the fitting as well as the calculated depth profile can be stored for later

use.
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C Binary and Ternary Phase Diagrams

Figure C.1: Isothermal section of the Ti—Si-C ternary phase diagram at 1000 ◦C (T1 = Ti3SiC2
and T2 = Ti5Si3Cx) [33]

Figure C.2: Isothermal section of the Cr—Si-C ternary phase diagram at 1000 ◦C [35]
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Figure C.3: Isothermal section of the W—Si-C ternary phase diagram at 1100 ◦C [37]

Figure C.4: Isothermal section of the Re—Si-C ternary phase diagram at 1100 ◦C [38]
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Figure C.5: Fe-C binary phase diagram [55]

Figure C.6: Ti-C binary phase diagram [57]
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Figure C.7: Cr-C binary phase diagram [57]

Figure C.8: W-C binary phase diagram [45]
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Figure C.9: Re-C binary phase diagram [58]

Figure C.10: Ti-Fe binary phase diagram [57]
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Figure C.11: Cr-Fe binary phase diagram [57]

Figure C.12: W-Fe binary phase diagram [48]

C.6



Figure C.13: Re-Fe binary phase diagram [49]
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