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ABSTRACT

Wear resistant surfaces with high toughness and impact resistant properties are
to be created to improve the life cycle cost of brake discs for trains. A potential
solution to this industrial problem is to use an arc cladding process. This work
describes the application of gas tungsten arc welding (GTAW) for a structural
ceramic Metal Matrix Composite (MMC) on steel. The structure of the two
ceramics examined indicates the possibility of development of a wear resistant
surface, which would extend the life of the brake disc. Silicon Carbide (SiC)
and Tungsten Carbide (WC) ceramics were studied to embed them in a steel
matrix by an advanced GTAW method. WC particles penetrated the liquid weld
pool and also partially dissolved in the steel matrix, whereas, SiC because of
the physical properties never penetrated deeper into the weld pool but
segregated on the surface. Successful embedding and bonding of WC led to
the decision to exercise an in-depth analysis of the bonding between the WC
particles and the matrix. Chemical analysis of the matrix revealed more WC
dissolution as compared to particle form within the clad. It was observed that
WC reinforcement particles built a strong chemical bond with the steel matrix.
This was shown by electron backscatter diffraction (EBSD) analysis. The hard
clad layer composed of WC reinforced steel matrix gave an matching friction
coefficient to high-strength steel in cold wear conditions through Pin-on-Disc
wear and friction testing. A prototype railway brake disc was created with the
established GTAW parameters to find out the difficulties of producing industrial

scale components.
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Silicon carbide (SiC) ceramic, Tungsten Carbide (WC) ceramic, steel based
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1 Introduction

There is a requirement to improve the lifetime of railway brake discs without
hugely increasing the cost. Current technology uses cast iron which is cost-
effective but has a relatively low performance. Much higher performance can
be achieved with other materials such as SiC infused — carbon fibre composite
but the cost puts them out of reach for many applications. There is a need for
high performance discs but with only marginally increased costs compared to
the cast iron variant [1]. The key factors for a high performance brake disc are
higher energy consumption per wear loss (MJ/cm?), heat conduction of the wear
surface away from the interface and weight reduction compared to cast iron
discs. A solution is the replacement of the wear surface, which can be as thick
as 18 mm, by a functionally graded material. The following benefits will result

out of it:

e Using a ceramic reinforcement clad reduces the thickness of the wear
surface. Therefore, it reduces the disc weight, which results in a weight
reduction of the whole bogie.

e Brake discs need to be replaced every two years, which is a complex
process. The reiteration can be reduced.

e To avoid cracking patterns the wear surface layer must be functionally
graded. This improves the mechanical integrity.

e A commercial device, like a brake disc, is cost restrained and a low cost
layer production process is needed.

A potential solution to this industrial problem is to use an arc cladding process.
Cladding is an interdisciplinary science utilizing laser or arc technology,
computer-aided design and manufacturing (CAD/CAM), robotics, sensors and
control, and powder metallurgy. It is a technique in which the laser or arc is
used as a source of heat to melt materials in the form of powder and/or wire,

depositing it on a substrate to build a desired thin layer coating [1].

A great variety of materials can be deposited on a substrate using laser or arc
cladding by powder injection. Functionally graded materials can be made by



the injection of two different powders or by using a wire and powder

combination [1].

The latest production methods in surface cladding focus on laser welding or
vapour deposition. The latest investigation concentrates on these production
methods for new materials or different product geometries. However, Gas
Tungsten Arc Welding (GTAW) can be a viable alternative to laser welding or
vapour deposition with similar production time [2] and reduced cost. Surfaces
of components subjected to high frictional forces and wear should be very hard
and have high toughness to prevent cracking. This thesis focuses on
developing ceramic based Metal Matrix Composite (MMC) layers on a steel
base. The GTAW method generates a metallic bonding to the component by
deposition of a metal based matrix material. The reinforcement phase is fed as
powder in the process. In contrast to a laser based process, its matrix phase is
widely supplied by melting a wire rather than powder. Moreover, the metallic
bond of the matrix and the substrate is easy to achieve, when compared to
vapour deposition coating. The change from powder to wire in the GTAW
process enables the use of reduced Ni, Cr and Cu contents in the matrix as
these materials are commercially accessible. This limits the toxic and
carcinogenic dust developed in high wear and friction cases. The brake disc

cladding layer complies with current environmental standards.

GTAW is used only for high precision metal cladding because of its low
production rate. Inner wall cladding of pipelines is a good example as the
access is limited. The advantage of GTAW, in comparison to Gas Metal Arc
Welding (GMAW), is that the heat input is independent from the material (wire)
addition. This is an important control factor when two different material addition
units, e.g. a powder feeder and a wire feeder, are used. However, with the
GTAW process the production speed is very similar to the laser cladding
process for a work piece with the same dimensions and features [2]. This was
also shown in the manufacturing performed within this study. In the described
GTAW process, powder and wire were added in the same weld pool. GTAW
can be performed in an autogenous mode and therefore, is capable of adding



only powder into the weld pool, whereas in the GMAW process wire feeding is
necessary. In laser cladding processes, matrix and reinforcement powders are
mostly premixed and applied by a powder nozzle. Therefore, the ratio of matrix
and reinforcement depends on the pre-prepared mixture.

An indicator of the productivity is the dimension of a single cladding track in
transverse cross section. For a specific welding parameter, a wide and flat
cladding bead covers a surface area, whereas, a higher single bead track could

be used for a thicker surface layer.

a) b)
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Figure 1-1: Schematic drawing of the different weld bead shapes; a) wide and flat

bead; b) high and narrow bead; Ih — layer height, bw — bead width

As seen in figure 1-1, a wide cladding bead is usually flat (Figure 1-1 a) and a
high bead is usually narrow (Figure 1-1 b). In the experiments performed here,
the suitable welding parameters were found to cover the surface efficiently.
Experiments to alter the welding parameters were focussed on changing the
shielding gas and the tungsten electrode angle. As expected, the
microstructural characteristics and bead dimensions alter when changing the

shielding gas and the tungsten electrode angle.

In the microscopic investigations of the wear resistant surface layer, three main

phases were recognised: the matrix material phase; the ceramic phase; and a



new matrix composition with ceramic dissolved in it. In this thesis the ceramic
proportion in the composite structure was analysed and the amount dissolved

was interpreted.

In Pin-on-Disc wear and friction tests with moderate operating temperature (up
to 290 °C) and wear speed (up to 24.48 km/h), it was shown that the friction
coefficient does not change significantly with increase in ceramic reinforcement
content. Even a comparison with railway disc high strength steel values has not
shown any significant change. The developed surface layer is capable of
maintaining a similar friction coefficient to the high strength steel. Prototype
discs were prepared to evaluate extent of issues during cladding when scaling
up into practical welding conditions. Microscopic cracks appeared on the

surface during cladding and grinding of the prototype disc.

The main focus of this thesis is investigation of the underpinning process
mechanism of GTAW for MMC cladding. This was achieved throughout the
alternation of welding and set-up parameters to obtain a reliable and, cladding
process wise, repeatable structure. A ceramic Metal Matrix Composite (MMC)
surface layer creates a functional layer for friction resistant purposes. Additions
of ceramic powder also resulted in a hardened layer as the ceramic dissociated
and precipitates formed solid solutions within the matrix phase. The influencing
GTA cladding parameters were established. SiC ceramic provides only the
possibility of reinforcement with intermetallic phases. These show a lower

hardness than the ceramics but a regular configuration.



2 Research aim and objectives

The research aim of this thesis is the investigation of conventional arc based
welding methods to generate ceramic reinforced cladding layers with specific
levels of reinforcement and steel as the matrix for the purpose of producing a
functionally graded material. Furthermore, the layer is analytically characterised

and friction tested.

2.1 Objectives

This research is to understand the layer microstructure and its effect by laying
down overlapped layers with various ceramic materials and determining their

interaction with GTA welding parameters. The objectives are listed below:

e Identification of suitable ceramic reinforcement after literature refinement,

e Investigation of optimum arc source and welding parameters,

e Determination of process parameters which affect the level of
reinforcement obtained,

¢ Investigation of the microstructural characteristics of the MMC layer,

e Characterisation of the tribological properties of MMC clads,

e Investigation of the suitability of GTA cladding for a full size railway brake
disc.

2.2 Structure of the thesis

The thesis is structured based on the chapters as given below. It is worth
mentioning at this point that each chapter has its own description of

experiments, results and summary.

The different chapters are as follows;

e Introduction: An overview of the benefits of GTA cladding and the

outcomes of the present investigation are given.



e This chapter: Defines the objectives of this thesis and the way it is
structured.

e Background: Focuses on state-of-the-art knowledge from scientific and
industrial sources based on applications of GTAW for cladding purposes.
It also describes the physical effect of ceramic particles in steel used as
reinforcement phase. Additionally, the basic mechanism of metal loss by
friction and wear is reviewed with the aim to understand the
microstructural condition suitable for braking application.

e Chapter 4: Defines the process window, the boundary conditions of the
GTAW process and of the ceramic powder flow during powder feeding.

o Experimental chapter 5: This is about the published work on SiC ceramic
powder infused in a GTA cladding process and its results for
microstructure and mechanical properties. SiC did not retain in the steel
matrix.

e Chapter 6: Deals with the basic measurements of the above parameters
when the shielding gas and electrode angle change. The mechanical
effects on the microstructure are also disclosed here.

e Chapter 7: Examines the effect of GTAW process parameters on the
interaction of WC with a steel matrix and also its influence on mechanical
properties.

e Chapter 8: This chapter is about understanding the effect of different
MMC compositions on friction coefficients.

e The industrial usage of the development is illustrated in chapter 9: This
chapter discusses the effect of the continuous and prolonged use of
GTAW to create the prototype for dynamometer testing.

e Chapter 10: Provides a broad summarisation of all the previous chapters
and discusses the results obtained.

e Chapter 11: Concludes the findings and their impact on the current

scientific developments.

This thesis structure provides an understandable overview of the work written.



3 Background: Cladding processes on steel

The principle of a cladding process is usually the covering of a relatively
inexpensive substrate material with a more expensive alloy that will increase the
resistance of the component to wear or corrosion [3]. In this particular case a
ceramic reinforced Metal Matrix Composite (MMC) surface layer is to be clad on

steel.

3.1 Gas Tungsten Arc Welding process

The Gas Tungsten Arc Welding (GTAW) process, also known as the Tungsten
Inert Gas (TIG) process, is a widely used welding process. It has a welding
torch with a non-consumable tungsten rod as an electrode which establishes a
stable arc to the counterpart electrode, the base material. The GTAW system
has a coaxial shielding gas cover which creates an inert atmosphere to protect
the weld pool and the tungsten electrode. The arc liquefies with a high current
(usually between 100 A and 350 A) and low voltage (approximately between 15
V and 25 V) generated heat the surface of the base material. The current is
usually controlled by the power source. The voltage is controlled by the
distance between the two electrodes (a) and the shielding gas. For a firm weld
bead the torch moves relative to the base material with a set Travel Speed (TS).
This system can work autogenously without additional material, as seen in
figure 3-1.
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and flow
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Figure 3-1: Schematic Gas Tungsten Arc Welding equipment [4]



Welding in various working positions, as described in BS EN ISO 6947:2011 [5]
is possible but generates different issues with gravity. The working position PA
according to BS EN ISO 6947:2011 was chosen for the cladding process. As
seen in figure 3-2, this replicates a downhand welding in a flat position.

Key

1 flat 4and & horizontal overhead
2and8 horizontal vertical 5 overhead

3and7 horizontal

Figure 3-2: Main welding positions according to BS EN I1SO 6947:2011 [5]

Although in the PA position, the torch is often held at an angle which is different
from 90°, as shown in figure 3-1. Usually additional metal wire is fed into the
arc to deposit weld metal. The wire must be dry and dirt-free as impurities
could disturb the welding process and could result in defects of the weld bead
[6]. The wire is usually fed from the front (leading) of the arc into the melting
pool of the base material, but can also be fed at the back (trailing) [7]. Front
feeding of wire is most common as it gets the most heat from the arc. The
deposition rates can progressively be increased by using cold wire, hot wire and
hot wire with oscillation systems, respectively [8]. Feeding of metal powders is
also possible but rarely used [9]. The waveform of GTAW power sources can
be in direct current (DC) or in alternating current (AC). A pulsed current is

usually a modified direct current. In GTA cladding is usually DC used [7], [10]-



[12]. In the GTAW system inert gases such as argon (Ar), helium (He) or
mixtures of Ar and He are mainly used. Active gases such as oxygen (O,),
hydrogen (H,) and carbon dioxide (CO,) can be mixed into Ar or He. The active
gases are used in low proportions (under 1 %) and would destroy the tungsten

electrode in higher concentrations [13].

3.2 Application of GTAW as a Cladding Process

A cladding process is usually used to put a layer of material on to a base or
substrate material. According to the type of application the layer should have
either different mechanical or chemical properties, or both. Welding processes
are mainly used for strong metallic and chemical bonding [14]. There are three

purposes for which cladding technics are usually used:

e To repair parts with worn down areas or broken edges [15], [16],

e To improve the corrosion resistance of a surface of a low corrosion
resistant material [17], [18],

e To increase the wear and friction behaviour of a low resistance material
[11], [19].

In this thesis, the aim is to look at surface cladding for any improved wear
resistance and friction properties. An improved wear resistance, compared to
the substrate, is usually achieved by significantly increasing the hardness [20],
[21]. Therefore the substrate, also called bulk material, must provide the
toughness needed. Surface layer generated by arc cladding methods show

principally two different layer morphologies;

e Either a metal matrix composite (MMC) is generated where the ceramic
reinforcement phase increases the wear performance [10], [22], [23], or

e the particles fed into the process react with the matrix, and form a
uniform layer with new chemical and mechanical properties [21], [24],
[25].



In the first case, the microstructures of the matrix and the reinforcement are
clearly seen in the microsection. Therefore, the chemical and mechanical
properties of the matrix and the reinforcement phase are different. The
reinforcement, for example, from approximately 1800HV to 3000HV, can be as
hard and brittle as a ceramic. The hardness of steel matrices increases to
values between approximately 500HV and 670HV [26], [27]. The hardness of
steel (150HV to 270HV [28]) wasn’t reached in the matrix of MMCs in the
literature assessed. However, the matrix material and the reinforcement have

usually different mechanical and chemical properties from the substrate.

The second method creates uniform surface layers with hardness of up to

approximately 1390HV [20] which cannot be divided into separate phases.

3.3 Effect of particle size on Metal Matrix Composites

In MMCs, a wide range of particle sizes are used. The European recognised
standard FEPA 42-1:2006 describes a particle size (in um) as the shortest side
of the particles used. This principle comes from mesh sieving methods used to
divide the different fractions of ceramics. Instead of the actual particle size,
sometimes the mesh numbers are shown, whereby increasing mesh numbers
show decreasing patrticle sizes [29], [30]. Generally the ceramics are divided

into nano- and microscale particle sizes.

Nanoscale ceramic particles (shortest side smaller than 1 um) are not often
used in wear resistance applications, although some Al-based MMCs were

analysed for their mechanical strength [31], [32].

Ceramic particles in microscale (shortest side bigger than 1 um) are widely
used and are the most common reinforcements in surface cladding layers as
well as metal matrix composites. The particle size, used as reinforcement
varies from 1 pum to 1000 um [29], [30]. Particle sizes between 3 um and 500
um are widely implemented for their thermal and mechanical properties [22],
[33].
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Regarding the nature of particles, the boundary between nano- and microscale
is sometimes not very clear [34] and should only be seen as an indication.
Powder particles are mainly delivered in a range of particle sizes. An example
is particles with the shortest length of 1 um. In this case is the size and range of

delivery in nano- and microscale.

Ceramic particles are mainly produced in either a spherical shape [35] or a
broken form without any specific shape [36]. The shape and orientation of
ceramic particles has an important influence on the mechanical properties, such
as yield strength, ultimate tensile strength (UTS) and Young's modulus, of an
MMC. Spherical particles in a metal matrix have the most predictable
properties. However, non-uniform shaped particles have shown improvements
in the yield strength and ultimate tensile strength compared to the pure matrix

material [37].

Papers describing ceramic particles giving a notch effect (, with dropping yield
strength and ultimate tensile strength,) instead of a reinforcement were not
found for the assessed concentrations of between 5 % and 70 % volume

fraction.

The type of bonding between the matrix and reinforcement phase has a
significant influence on the mechanical and thermal properties of MMCs. There
are physical and chemical bonds which influence the plastic response and
physical properties, e.g. thermal conductivity of the composite structure [33],
[34], [38].

In pure physical bonding, demonstrated on spherical steel particles in phenolic
based matrix material, a cohesive law determines the relation between matrix

and reinforcement [39] (see figure 3-3).
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Figure 3-3: Cohesive law of bonding between reinforcement particles and matrix
material with pure mechanical bonding [39]; k. cohesive stiffness, o;,; cohesive

strength, o, maximum cohesive strength, E. cohesive energy, 0 displacement,

0. displacement until o,,., Omax Maximum displacement of the composite.

The theoretical strength-displacement curve, according to the cohesive law of a
composite with mechanical particle bonding, is shown in figure 3-3. In an ideal
mechanical bond and with initiated displacement (0), the strength (o) increases
linearly between particle and matrix in the elastic region first until damage
occurs (Oc, Omax). The cohesive stiffness (k) can be calculated from the slope

of the curve in the elastic region, as demonstrated in figure 3-3. Further

application of stress results in more deformation and crack propagation until

failure (Omax). The cohesive energy (E.) is the integral of the strength over the

displacement until failure (0 max) [39], [40].

Chemical bonding depends on ideal ambient conditions, such as chemical

composition, size of the system, temperature and partial pressure, to start a

12



reaction [41]. In the case of a chemical bond, part of both the ceramic and
matrix are used to create a new structure which forms the bonding between the
matrix and the ceramic. In some cases the ceramic becomes fully dissolved in
the microstructure and it is not possible to create an MMC. One example is the
reaction between SiC and Fe [42]. In the case of the WC ceramic and steel, the
Fe component is an important factor to build W,Fe,C intermetallics. These can
either form out of the molten phase of steel infused with the WC or, more
commonly, in the solid state during cooling down. The large amount of Fe and
the ability of C to diffuse in the solid state of steel gives the possibility of solid-
state reactions to build up a bond between reinforcement particles and the
matrix [41][43]. Figure 3-4 shows an isothermal section of the W-Fe-C system

for the temperature of 1250°C.

WC +Fe+C

o

o,

&
KN WC
/ WC+n -W3 Fe 3C
*R- W3 FeC

Fe (at%) —»

Figure 3-4: Isothermal section of W-Fe-C system at 1250°C [41].

At this temperature, iron with a C content lower than 3.3 wt% C is solid. Low
alloyed carbon steel is commonly described as iron with a C content from >0
wt% C to 0.59 wt% C. As a result, all carbon steel grades infused with WC
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ceramic would try to reach the W,Fe,C phases in the diagram in figure 3-4 at
1250°C. However, the W-Fe-C diagram is only for the equilibrium cooling
conditions. This means a chemical reaction between Fe and WC to form
W,Fe,C phases depends on the time the temperature is applied [41]. When the
temperature decreases, the affinity of WC and Fe to build intermediate
compounds diminishes. According to Liu et al. [43], the minimum temperature
for the reaction between Fe and WC is 927°C, which is known as the
“temperature of carbonizing”. Their tests at 930°C show the diffusion of C out of
WC into steel and a surface alloy formed of W,Fe,C-phase. The Gibbs free
energy change of reaction (AG) formula, as shown in equation (3-1) [44],

determines the feasibility of thermodynamic formation of a phase.
AG = AH — T * AS (3-1) [44]
Where AH is the standard enthalpy change of reaction in kJ - mol™, T is the

absolute temperature in K and AS is the standard entropy change of reaction in
J K' mol™[43].

Calculations of the free energies of the formation of FesC and WC at 927°C are

as follows:
C+3Fe=FesC, NGy = —71299 k] -mol™* (3-2)
and
C+W=WC,  AsGy = —757.08k] -mol™" (3-3) [43].

The smaller enthalpy change of WC (AfG,?l) means that this compound is more

stable than Fe3sC. Both reactions form compounds instead of carbon and metal
because the values are negative. This was demonstrated by the microsections

shown in the article [43].

A mixture of chemical and mechanical bonds is often seen in ceramic MMCs.
Many mechanisms are in place in case of applied stress to these MMCs. The
particles have two strengthening effects: direct and indirect. Loads which are

transferred from the matrix to the particle and back into the matrix result in
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direct strengthening. Matrix and particle would deform in the case of plastic

strain.

However, indirect strengthening (dislocation strengthening) is the influence of
reinforcement particles on the microstructure of the matrix. The presence of
particles induces an inhomogeneous deformation pattern in MMCp, even if the
composite is subject to uniform loading and high dislocation density in the
composite matrix, thus leading to higher yield strength in the composite matrix
[33].

TTTTTTT
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Figure 3-5: Configuration and elastic modulus mismatch dislocation model for
MMCp under compressive loading; a) configuration, P: pressure; b) dislocation
model [33]

It is generally known that metals and ceramics have significant differences in
stiffness (Young’s Modulus). Therefore the dislocation strengthening is the
most common phenomenon in ceramic MMC’s. Dislocation strengthening is
mainly caused by an elastic modulus mismatch and thermal expansion
mismatch between the matrix and the reinforcement particles. The model for
compressive load is shown in figure 3-5, whereby the dislocations illustrated in

figure 3-5 b) generate shear stresses around the particle [33]. This dislocation
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strengthening effect comes from dislocation population around the
reinforcement. The dislocation population was discussed in detail for SiO,

microfiber in aluminium matrix [45].

a)

mO»X»>m®D®

Figure 3-6: Dislocation strengthening into the matrix induced from a microfiber
due to stress; a) population of dislocations around the fibre [46]; b) A
spring/dash pot analogue of the micromechanical model of a matrix with

microfiber under stress [45]

As shown in figure 3-6 a), the first stress generates dislocations in 45 ° angle to
the reinforcement. Therefore the matrix material can be seen as a spring and a
damper and the reinforcement phase as a spring and damper (from the direct
strengthening) as well as a second spring and damper attached to the spring
(indirect strengthening), as seen in figure 3-6 b). In the stage of deformation,
more and more dislocation accumulate (Figure 3-6 a)). First they generate only
in a 45 ° angle, later also perpendicular to the reinforcement phase. This can
be seen as the extension of the springs and dampers of the mechanical system
(Figure 3-6 b)). However, when the microfiber fails, the crack can be seen as
dislocations (Figure 3-6 a)). In the mechanical system, the two halves of the
microfiber are seen as two separate fibres connected with a dumper, simulating
the crack. The matrix is seen as a fully expanded damper and spring (Figure
3-6 b)).

Tests were performed with increasing reinforcement volume fractions from 0 %
to 30 % of non-uniform broken silicon carbide (SiC) particles in an aluminium

(Al) matrix (at a constant particle size of 5 um). This examination shows a
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significant increase in the Young’s Modulus, yield strength and ultimate tensile
strength (UTS). As a result, the plastic strain decreases. Compared to the pure
Al (0 % volume fraction), the ductility (sum of elastic and plastic strain until

failure) of the composite for 30 % volume fraction is reduced by 50 % [37].

Tests in the same paper were executed with increasing particle size from 5 pm
SiC to 23 pum SIC (at 20 % volume fraction) [37]. The results indicate a
gradually diminishing Young’s Modulus with larger particle sizes, shown in

figure 3-7.
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Figure 3-7: True stress-strain curves of Al SiC MMCs with 20 % SiC volume

fraction (constant) and from unreinforced to 23 um particle size (real tests) [37].

However, the yield strength, UTS and plastic strain reduce significantly with
particle size. The plastic strain was under the unreinforced matrix material
value. The particle size of 23 um even reveals that all three values (yield
strength, UTS and plastic strain) are lower than the matrix material. Further

investigation shows that particles with 23 um particle size were cracked prior to
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the tensile testing. Cracked particles can act as voids rather than reinforcement
[37].

Contradicting these results, Nan and Clarke [34] stated that increasing the
particle size had no effect on the Young’s Modulus. Their model was also
based on Al and SiC. However, the volume fraction was fixed at 15 % and the
particle size varied between 0.01 um and 50 um. There is no comparison given
for pure matrix material. The results in figure 3-8 appear with an elasto-plastic

deformation in the particle sizes between 0.01 um and 0.5 um.
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Figure 3-8: True stress-strain curves of Al SiC MMCs with constant volume
fraction of 15 % SiC and different particle sizes in modelling prediction (volume
fraction from 0.01 um to 50 um particle size) [34]

Additionally opposing the previous test, the plastic strain is a gradual increasing,
while the UTS decrease with increasing particle size.

According to a paper by Molina et al. [47], the thermal conductivity of an Al SiC

MMC reduces when the particle size reduces. On the other hand, the electrical
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conductivity increases with smaller particle size. In the test, particle sizes
varied between 8.9 um and 167 um and volume fraction varied between 53 %
and 60 %.

The change in thermal conductivity and dislocation strengthening could explain
why spherical WC particles in a Ni matrix show high compressive residual
stresses at RT (in the paper 300 K) and lower temperature. It was found that
when temperature is varied between 100 K and 900 K, the compressive

residual stress reduced from approximately o = - 1050 MPa to ¢ = - 150 MPa,

respectively, with increasing temperature. At room temperature (300 K),

stresses of approximately o = — 810 MPa were found [48].

3.4 Functionally graded materials

FGMs are created by varying the physical properties along one dimension of
the structure, also known as the functional graded structure. These structures
have already been modelled for brake discs and are explored to obtain either

weight reduction or improved material performance using a similar weight.
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outer radius of brake disc

Figure 3-9: Scheme of the material structure of a brake disc made of an FGM [49]

The structure modelled by Hernik [49], as seen in figure 3-9 should improve the
wear performance of a brake disc because of the ceramic layer and give an
adequate heat absorption during braking because of the metal core. The FGM
layer is there to reduce the gradient between thermal conductivity, thermal
expansion and Young’s Modulus between the ceramic and the metal. The best

combination given by the model is

e a ceramic layer (4 mm thick, both sides) of titanium diboride (TiB.),
e a functionally graded layer made of an aluminium alloy and TiB; (8 mm
thick, both sides, from 0 % to 100 % volume fraction ceramic), and

e ametal core of stainless steel (4 mm thick) [49].

The joining of an aluminium matrix and stainless steel is very difficult to perform
in reality. In welding, for example, Fe forms very brittle and hard intermetallics
with Al.  While these are beneficial in the friction layer, they weaken a joint
significantly [50]. The use of TiB,, instead of SiC ceramic, reduces the issue of

a weak joint a little because of the chemical resistance of TiB; to stainless steel.
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Another point is to have an FGM layer with the same matrix material as the
base material which was modelled for steel, cast iron and aluminium. In the
model, it was considered to have pure ceramic on the top surface and a
reducing gradient of ceramic towards the centre of the part. The outcome of
papers on the subject is that the tribology of wear surfaces can be improved
significantly by the FGM layer on the point of wear rate [51], [52]. The important
parameters to investigate were friction coefficient and wear rate. In the model,
it was found that the elastic modulus and the thermal expansion coefficient of
the MMC are the important factors for the FGM layer [51]-[53]. The kind of
ceramic used defines these factors but it was not fixed for this model. It was
demonstrated that higher volume fractions of ceramic initiate local hot-spots. A
model cannot predict whether the hot-spots are responsible for crack initiation
or not. However, the model can demonstrate that hot-spots generate stress
from a thermal expansion and contraction difference to the surrounding
material. Crack initiation in the bond between the layer and the bulk material
(peel-cracking) can be excluded, when the gradient is smooth between both

and the bond is metallurgical [52].
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3.5 Principles of Friction and Wear

The clad MMC surface layer should improve the frictional behaviour of a surface
in contrast to the present substrate. Therefore, the principles of friction and
wear needs to be understood. To describe these effects, the mechanisms of

friction and wear are explained separately.

3.6 Mechanism of Friction

The friction properties of materials against each other are characterised by the
tribology effects and mechanism. These effects are principally guided by the

fundamental laws of friction (Amontons” Laws of Friction), which are as follows:

(1) the friction force is proportional to the normal load;
(2) the friction force is independent of the apparent area of contact; and

(3) the friction force is independent of the sliding velocity [54].

However, these three laws of friction vary in their reliability. Today these laws
are more regarded as useful summaries of empirical observations. The first law

may be expressed as

Fr = uFy (3-4)
Rearranging gives:
Fr (3-5)

Whereby F+ is the friction force, Fy is the force generated by the normal load
and p is known as the friction coefficient or coefficient of friction [54]-[56]. The
first law can be observed for friction on unlubricated sliding of solid materials.
The second law is not as widely explored but is well attested for most materials.
Both laws are excluded to explain the friction of polymers. The third law is more
a result of common observation than well founded. The frictional force (Fr)
needed is usually higher, to initiate sliding rather than to maintain the
movement, hence the coefficient of static friction is greater than the coefficient
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of dynamic friction. When a movement is established, the coefficient of friction
shows an independency on the sliding speed. Nevertheless, some metals
demonstrate a decreasing coefficient of dynamic friction for sliding speeds
higher than tens or hundreds of metres per second [54]. During the ‘running-in’
or ‘wearing-in’ stage of a movement with friction, structural changes to the
surfaces take place. These changes cause either an increasing or decreasing
friction coefficient. This is known as an S-shaped curve, as seen in figure 3-10
[56].
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Figure 3-10: Schematic illustration of the coefficient of friction as a function of
sliding distance with a typical S-shaped curve showing the running-in period

[56], [57]; Possible start of the S-shape: (i) slightly increase of W, (ii) decrease of
M.

Metal components usually have a temperature dependent friction coefficient
which is dependent on whether temperature is increasing (heating) or
decreasing (cooling), as seen in figure 3-11. This effect can result in a steady
temperature if the heating rate into the material of the friction surface is the

same as the cooling rate.
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Figure 3-11: Dependence of the friction coefficient on temperature in the sample
of austenitic stainless steel sliding against pure nickel in air. The two curves
relate to data gathered while the specimens were being heated (upper curve) and

subsequently cooled (lower curve) [54], [58].

The effect of the dramatic drop in friction coefficient in figure 3-11 between 750
°C and 800 °C occurs because of localised heat melting partially one of the
friction surfaces. This causes a drop in the friction force to a low value

determined by viscous forces in the liquid layer.

3.7 Mechanism of Wear

Wear is the removal of the material from the surface of a solid body as a result
of mechanical action of the counterbody [59]. In case of brake discs, the solid
body is the disc and the counterbody is the pad.

The mechanisms of wear are:

e abrasion * adhesion

. fatigue e corrosion

e erosion [59]
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Wear on a micro-alloyed steel brake disc paired with an organic pad occurs in

the following four stages respectively the temperature increase [60]:

1. At RT, hard parts of the pad plough into the brake disc surface at a two-
body abrasive wear mechanism.

2. At low temperature, localised oxidation occurs. The oxides deform,
sinter, fracture, adhere and being compacted into furrows under further
compression of the brake pad. Additionally, free abrasive oxide grains
occur between the disc and the pad, which results in greater plastic
deformation of the disc surface.

Three-body abrasion and adhesion are the main wear mechanism at this
stage.

3. At medium temperature, the oxidation intensifies and it's cracking and
regenerating becomes a major behaviour of wear. On the other side,
wear of the brake pad escalates. A surface film of wear products coming
from the brake pad and brake disc grows up rapidly and extends soon.
The surface film shows some fatigue flaking as an effect of cycle contact
stress.

At this stage the oxide cracks due to fatigue wear, however, adhesion
and abrasion continue to be the main mechanisms of wear.

4. At high temperature, the plastic deformation of the disc as well as the
pad becomes more serious. The surface film becomes compacted by
the pad pressure and scaling of it occurs by adhesive wear. Deoxidation
of the surface generates reactive iron, which sinters easily together with
grinding debris. Deep grooves get generated quickly in the disc surface.
The high temperature leads to aggressive wear in form of adhesion tear.
The surface film as well as plastic material welds with the pad and tears

off on either pad or disc side [60].
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Unfortunately, this article does not describe the different temperatures for the

stages [60]. However, it shows that the main mechanisms of wear on a brake

disc are:
e adhesion
e abrasion

Therefore, these effects are followed up in more depth.

3.7.1 Effect of Adhesion

In most cases, the result of physical or chemical interaction of two surfaces in
contact leads to bonding. This adhesive bond needs to shear if a relative
sliding of the two surfaces is required to re-establish. Shearing occurs at the
weakest region with increasing lateral force. The weakest region can be one of

the contacting asperities of the sliding bodies, as seen in figure 3-12 [56].

N Direction of Motion N F
—_—

Asperity
Contact

Figure 3-12: Adhesion in contacting surfaces; F: Torque force applied, N: normal
load [56], [57]

3.7.2 Effect of Abrasion
The effect of abrasion, also deformation, has two causes:

(@) An interaction which is the plastic deformation of interlocking
asperities,
(b)  An interaction where the asperities of hard material plough through a

softer surface figure 3-13.
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To deform two contacting surfaces due to relative motion, a friction force (Fy) is
required. The case (b) of ploughing can also be the result of particles trapped
between the two surfaces (three body abrasion). An obvious case of ploughing
is when two rough surfaces come into contact (two body abrasion), figure 3-13
[56].

Direction of Motion
—_—

(a) \ N

Direction of Motion
—_—

(b) W

Figure 3-13: Deformation in contacting surfaces, (a) asperity interaction, (b)

ploughing of a harder surface into a softer surface [56], [57]

3.8 Tribology behaviour of SiC metal matrix composites

For railway brake discs, the friction coefficient should vary between p = 0.25
and pn = 0.45 [61]. Silicon carbide shows a very constant friction coefficient of p
= 0.40 when worn against itself (Figure 3-14 area Ill). The friction conditions of
a railway brake disc are very similar as the temperature rises quickly above
250°C (or 523 K) and the normal force Fy is relatively low. The low normal
force results in a large wear surface of the pad. SiC is a promising candidate
material to be used as reinforcement phase for railway brake disc material

based on this data.
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Figure 3-14: Wear transition diagram for sintered silicon carbide; SiC ball sliding
against an SiC flat surface (linear sliding); four distinct regions plus one

transition zone; f: friction coefficient, K: Wear coefficient [62]

Further investigation in the wear behaviour of SIC-MMCs reflects their use as
brake disc material in the automobile industry. Unfortunately, there is only one
literature paper dealing with the wear rate of SiC in a steel matrix which states
that SIC was not maintained in the composite layer structure [24]. The majority
of papers have SiC-MMCs in an Aluminium matrix [63]-[67]. The base material
in all these papers was the same as the matrix material but with a slightly
different alloy denomination. The friction behaviour of Al-SiC-MMCs shows a
dropping friction coefficient with increasing sliding speed. This effect comes
from the SiC particles as these patrticles break in the form of shear delamination
with slower sliding speeds. But they wear into a polished condition before being
released from the surface with faster sliding speeds. In a Pin-on-Disc (POD)

test with a normal force of 15 N and a 5 mm diameter pin, the friction coefficient
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falls from p = 0.44 for a sliding speed of v = 1.62 m/s down to pu = 0.31 for a
sliding speed of v = 4.17 m/s, as shown in figure 3-15 [68].

o
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Al-SiC

o
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Figure 3-15: Coefficient of friction p against sliding speed for Al-B4C and AI-SiC
MMCs measured with 15 N (area pressure of 0.75 MPa) on a POD tester [68].

3.9 Tribology behaviour of WC metal matrix composites

The friction behaviour of Co-WC and Co-Cr-WC coatings was examined in
different reinforcement to matrix volume rates and dry sliding conditions. It was
found that the friction coefficient was constant over the matrix mixture Co to Cr
with g = 0.30 [69]. What is important for the friction coefficient is the production
process. Wood [69] used a plasma spraying process with the friction coefficient
changing from p = 0.29 to u = 0.42. The challenge of using sprayed coatings as
brake disc layers is to contain the peel cracking of the coating from the surface;
this occurs as a result of weak physical bonding [70]. This can be avoided by
plasma transferred arc and GTAW cladding processes as the layers have a

metallurgical bonding (chemical and physical bonding) [10], [71]. However,
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these types of clad layers were not found to be tested for brake discs. A friction
coefficient for Fe-Co-WC MMC was found in a ball-on-disc test with a normal

load obtained by a 50 g weight (ball material: pure SiC).
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Figure 3-16: Friction coefficient against wear time of a ball-on-disc test; Fe-Co-
WC MMC as the surface MMC; Q235 steel as a substrate. Test parameters: 6 mm
disc radius SiC ball with Fy = 0.49 N load; 2 mm ball radius; 300 rpm [72]

The value of p = 0.2 is very low (Figure 3-16) which mean too little braking for
brake discs. Nevertheless, the improvement from a pure low alloyed steel
surface with a friction coefficient of approximately u = 1.1, as seen in figure
3-16, is very high for brake disc applications and gives a good perspective to
use WC. The composition in this test was 37.59 wt% WC ceramic in a mixture
of Q235 steel and Cobalt [72].
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3.10 Research gap

There is not very much knowledge available regarding GTA cladding of MMCs
in steel. This is for both SIC and WC. In addition there is very little about the
behaviour of WC when it is added to mild and high strength steel as the matrix.

This is the focus for this research project.

Some of the found literature is listed in the following table 3-1 to underpin the

knowledge gap regarding GTA cladding of MMCs in steel.

Table 3-1: Previously done work describing the GTAW process with MMCs

Author Source title Ref Difference to this thesis

Edmilson  Otoni Weldability of Iron Based [9] The author discusses the

Correa Powder Metal Alloys use of Fe powder in
Using Pulsed GTAW GTAW for fusion
Process processes. He also

changes soon into Ni

alloyed Fe based
powders.
A. P. Patel The Study of the [73] Mr Patel gives details
Deposition of Hardfacing about Carbides building
Alloys using the GTAW up in cladding products.
Process However, the ceramic did

not overcome the heat
input of the cladding

process.

Y.C. Lin, SW. Wear behavior of [11] The two authors used a

Wang ceramic powder cladding tubular 316 stainless
on an S50C steel steel wire filled with SiC
surface and an autogenous

GTAW process to fill up a

groove in mild steel.
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Author

Source title

Ref

Difference to this thesis

Y.C. Lin,

S.W.

Wang (continuing)

Their result shows a
microstructure
high

content

uniform
giving

The Ni
above the in this work

defined limit of 3 wt%.

hardness.

is still

Soner

Buytoz,

Mustafa Ulutan

In situ synthesis of SIC [74]

reinforced MMC surface
on AISI

steel

304 stainless
by TIG surface
alloying

The authors used an

autogenous GTAW
process with SiC infused
shielding gas. The

substate was an AISI 304
stainless steel, which Ni
and Cr content is higher
3 wt%. The
outcome is a hardfacing
SiC

Moreover,

than
structure  without
particles left.
the corrosion properties
of the stainless steel and
SiC mixture are now to

be investigated.

Qingbao
Xiaoyan Li

Wang,

Effects of Nb, V, and W [75]

on Microstructure and
Abrasion Resistance of
Fe-Cr-C
Alloys

Hardfacing

The
investigated

authors

GTA
cladding with core-filled
They
multiple carbides, some

two

wires. used
of them where retained in
the microstructure. The

Cr content was higher
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Author

Source title

Ref

Difference to this thesis

than the in this work

defined limit of 3 wt%.

The behaviour of WC when it is added to mild or high strength steel was

previously described by the authors in table 3-2 as follows:

Table 3-2: Previously done work describing the behaviour of WC when added to

mild or high strength steel.

Author Source title Ref  Difference to this thesis
Qingmao Zhang, Microstructures and [21] The authors used a CO;
Jinjiang He, properties of Ceramic laser to produce a
Wenijin Liu, Minlin particles- reinforced cladding layer and the
Zhong metal matrix composite WC was not retained in

layers produced by laser the microstructure. The
cladding layer produced was a
homogenous hardfacing
layer.
Robert J.K. Wood Tribology of thermal [69] Mr Wood used high-
Sprayed WC—Co velocity  oxygen  fuel
coatings (HVOF) thermal spraying

to make a very dense
WC coating with Co and
Cr as matrix.

the Carbides
retained. However,
HVOF spraying
lead to peel-cracking and
the

Thereby,

were

could

matrix does not

contain Fe.
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Author

Difference to this thesis

J.M. Amado, M.J.
Tobar, J.C.
Alvarez, J.

Lamas, A. Yanez

Source title Ref
Laser cladding of [35]
tungsten carbides

(Spherotene) hardfacing
alloys for the mining and

mineral industry

The authors used WC
from the same production
company as in this thesis.
Their cladding process
was made with a Nd-YAG
mild  steel.
their

laser on
However, power
was premixed with a
matrix which is high in Ni.
The wC

retained sphere and had

particles
similar dissociation
pattern as in this thesis

with low Fe content.
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4 Experimental set-up and pre-study of Cladding

This chapter is an examination to understand the physical limits of the welding
process for cladding. An operating window for the surface layer production is
established in this chapter. The experimental set-up of the Gas Tungsten Arc
Welding process is explained in section 4.1 of this chapter and the materials

used in the thesis are described in section 4.2 of this chapter.

Additionally, a short summary of a Gas Metal Arc Welding process for cladding
is given in Appendix D. The characteristics of the tribological test machines are

described later in chapter 8 and Appendix K.

4.1 Gas Tungsten Arc Welding set up for cladding

The idea for the brake disc cladding was a FGM made of a ceramic
reinforcement in a steel matrix, whereby more matrix material in the first layer
should bring a strong metallurgical bonding on the base material. Besides, an
increasing ceramic content should bring a higher wear resistance towards the
braking surface. The FGM wear layer of the brake disc should be built up clad
layer by clad layer. The principle behind the FGM is schematically
demonstrated in figure 4-1.
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Figure 4-1: Schematic: Functionally graded material (FGM); 1: base plate, 2:
graded layer, white: matrix, black: ceramic reinforcement, 3: interdependency of

matrix and reinforcement

An assumption of a minimum single layer height of 1.0 mm was made to give

the necessary material composition gradient.

The Gas Tungsten Arc Welding (GTAW) process was completed using a
migatronic TIG/plasma welder Commander 320 AC/DC, as seen in figure 4-2
a). The operation mode was TIG DC. Thus the electrical current (I) and voltage
(V) waveform was not manipulated. The table below summarises the described

power source set-up:

Table 4-1: Welding power source set-up

. Welding  Operation
Welding power source Waveform
process mode

Migatronic TIG/plasma welder
Commander 320 AC/DC

GTAW TIG DC Continuous

For a good welding time buffer, a decision was made to reduce the maximum
current (Imax) of the machine by 10 % from | = 320 A to | = 288 A in the tests.
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According to the manual [76], this gives the tests a 100 % duty cycle and means
the welding machine does not need to rest for cooling at any time. As a lower
limit, half of the current with | = 144 A was set. The table below summarises the
described parameters:

Table 4-2: Basic welding power source parameters

allowed )
Imax _ _ reached  resting _
) welding  Imax in _ Imin IN
welding duty time for
_ current tests _ tests
machine cycle cooling
buffer
A % A % min A
320 10 288 100 0 144

A water cooled WeldTec Automated Machine TIG Torch was assembled
vertically to maintain a perpendicular set-up to the work piece for all
experiments. The motion of the torch and the work piece was provided by a
Trio Motion 5-axis-rig with three linear axes, one rotating axis and one manual
rotating axis. The four automated axes were able to be programmed by a
controller and were able to work simultaneously. In figure 4-2 b), the Trio
Motion 5-axis rig is shown. Travel speeds of TS = 0.1 m/min to TS = 4.0 m/min
were maintained from all automated axes, whereby, the linear speed must be
converted into a rotational speed of a specific position on the rotation axis. An
additional fume extractor, as shown in figure 4-2 b) 7, was used for improved

fume extraction and safety measures, like increased air changes.
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Figure 4-2: GTAW welding machine and 5-axis rig; a) migatronic TIG/plasma

welder Commander 320 AC/DC, 1: control panel power source, 2: shielding gas
flow meter, 3: power and cooling water connections; b) 5-axis rig, 4: Trio Motion
control panel, 5: turntable with two rotating axes (one manual, one automated),
6: two horizontal axis (x,y) and one vertical axes (z), 7: fume extractor

The Trio Motion controller was calibrated with the increments of the stepper

motor to transform these in distances on the axis, as seen in Appendix E.

Wire feeding was carried out by the migatronic KT-4 wire feeder for cold wire
feeding. The possible wire feeding speeds (WFS) ranged between WFS = 0.39
m/min and WFS = 4.00 m/min [77]. These speeds were calibrated for a specific
set-up and wire. The wire feeder is shown in figure 4-3 a). It had a run-in
function for shielding gas and arc establishing; therefore the shielding gas was
released, the arc established and the wire was fed, respectively. The time
between these operations was able to be adjusted. For the run-out moment,
the reverse operations were used. Additionally, a wire retraction took care of
the possibility of wire becoming stuck in the solidifying weld pool. The wire was
released into the weld pool over the wire feeder nozzle shown in figure 4-3 b).
The wire feeder nozzle was a bent brass pipe with a copper contact tip for
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guidance. This configuration was found to be ideal to provide a heat-sink away

from the nozzle.

Figure 4-3: a) migatronic KT-4 wire feeder, 1: Wire feed speed regulator, 2: run-in
and run-out function panel, 3: wire guidance hose; b) wire feeder nozzle mounted
on the welding system, 4. Copper contact tip, 5: brass pipe, 6: three axes fine

adjustment

The configuration of the guide hose (conduit), brass pipe radii and condition of
the contact tip influences the friction on the wire after the wire feeder unit.
Friction limits the maximum wire feed speed of the wire feeder. As it has a
major impact on the maximum wire feed speed, the wire material has to be
mentioned as well. Steel is more rigid than aluminium and titanium. The wire

feeder unit must be calibrated for different wire compositions.
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Ceramic powder in the clad was supplied by the powder feeder Sulzer Metco
TWIN-10-C [78], [79] with the APS Powder Insert [80]. The different units of the

powder feeder are shown in figure 4-4.

Figure 4-4: Sulzer Metco TWIN-10-C Powder Feeder; 1 APS Powder insert,
powder hopper [80]; 2 transport gas flow meter; 3 transport gas pressure
manometer; 4 APS Powder insert, powder feeding disc [80]; 5 feeding disc speed

display; 6 On/Off or gas only controller [78], [79]
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The Sulzer Metco TWIN-10-C Powder Feeder can be used either with argon
(Ar) or with nitrogen (N2) as powder transport gas [78]. A special calibration
enables it to use helium (He) as a powder transport gas, too. This twin system
provides the possibility of feeding two different powders at the same time.
However, only one powder transport gas can be used. The working pressure of
the transport gas is 3 bars. A pressure valve and a calibrated pressure gauge
on the powder feeder can be used for re-adjustment (figure 4-4, 3). The flow
rate can be set up with a built-in flow meter (figure 4-4, 2), which is calibrated on
a flow curve close to N, and Ar. The molecular weights of these two gases is
with 28.0 g/mol and 39.9 g/mol, respectively, close to each other [78]. The flow
rate displayed on the flow meter is the flow in normal litre per minute (NLPM)
which can be converted into the Ar flow in litre per minute using the chart below

[78]. Charts for N, and He (molecular weight of 4.0 g/mol) are also available.

2 : .
@_/' Guide values for argon as the carrier gas
Rotameter type 4-A-150 B4G Pacmac no.19 measuring case

10 _ 3.0bar

9 = 2.5 bar

8 —- —+——4 "~ 2.0 bar

7 _ ’ 1.5 bar
g 6 — | 1.0 bar
<5 1=t e
s g ot e -
w 3 - L —
@ 57 —
o)) 2 | =
() P
E 1 e et
© i
© 0
0 1 2 3 4 5 6 7 8 9 10
fig-12
Rotameter scale g

Figure 4-5: Ar flow rate of the powder feeder (y-axis) converted from the NLPM
(x-axis) [78].

The powder hopper on the powder feeder has a stirrer inside to give as much

as possible a homogeneous powder mix during the entire feeding operation.
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However, differences in the density, shape and size of powders make it difficult
to guarantee a consistent mixture [80]. The powder feed speed can be adjusted
very accurately with the speed of a powder feeding disc (figure 4-4, 4). The
rotating speed of the disc, with a scale from 2.5 % to 100 %, is equivalent to the
powder feed rate in grams per minute. However, the actual powder feeding rate
must be calibrated for each powder and disc type. The calibration chart for the

powders used is given in section 4.3.3.

The majority of tests were made with a pressure reducing container which was
connected to the powder feeder through a nylon hose to the upper inlet. This
container was developed to release the Ar transport gas pressure shortly after
the highest point of the powder feeding system. As seen in figure 4-6 a), a
slightly positive pressure at the powder feeding nozzle was able to be obtained
with a valve at the top of the container.

b) c)

gas release
(valve)
i

UL I

a)

== second
container

x

ild VY

Figure 4-6: Pressure reducing container; a) image; b) schematic, inlet: powder

with transport gas intake, access: opener for maintenance with seal ring, outlet:
powder exit, gas release: pipe to valve, valve: pressure release regulator, second
container: reducing container for different powders; c) principal, 1: powder
transported by pressure of transport gas, 2: separation of powder by gravity and
transport gas release, 3: powder falls by gravity to the powder feeder nozzle
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The powder fell from the container through the outlet and another hose to the
powder feeding nozzle mainly by gravity. To withstand the heat, the powder

feeder nozzle was either a wholly copper (Cu) pipe (Figure 4-7 a)) or half

aluminium oxide ceramic (Al,O3) pipe and half Cu pipe (Figure 4-7 b)).

Figure 4-7: Powder feeder nozzle; a) Cu nozzle mounted next to the torch; b)
ceramic nozzle connected at the end of the Cu nozzle; 1 Cu pipe, 2 brass

connection to hose, 3 aluminium oxide ceramic pipe.

Copper has high electrical and thermal conductivity. It conducts heat from the

weld bead and in some cases arc jumping was observed between the tungsten
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electrode and the nozzle. Over longer welding times Cu pipes were beneficial
as the heated Cu pipe had a pre-heating effect of the ceramic powder.
Aluminium oxide ceramic as a pipe builds a heat barrier and is non-conductive.
Therefore, the weld bead maintained its temperature. However, the ceramic

pipe reduces the pre-heating effect of the powder.

The kind of powder feeding nozzle used is stated in each of the experimental

chapter.

4.2 Properties of the materials used

Important factors in this thesis are the materials used as their properties and
application conditions are relevant to the outcome of each examination. First,
the base material and the matrix material as a wire are described in section

4.2.1. In section 4.2.2, the properties of the ceramics used are discussed.

4.2.1 Matrix and base materials

The matrix and base materials are mild steels and higher strength steels. The
matrix material was standard welding wire on reels. The chemical composition
is shown in table 4-3 and table 4-4, whereas, the mechanical composition is

shown in table 4-5.
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Table 4-3: Chemical composition of the base and wire materials

Grade Carbon Silicon Manganese Phosphorus Sulphur  Aluminium Chromium Nickel
- wt% wt% wt% wt% wt% wt% wt% wt%
S275JR 0.14 0.18 0.82 0.021 0.016 0.028 0.13 0.42
S$355J2+N 0.12 0.23 1.46 0.014 0.009 0.025 0.03 0.02
Base i i max 0.80 -
15CDV6 0.15-0.20 max0.60 0.40-0.80 max0.040 0.040 1.20 max 0.50
) max 0.60 - 0.80 -
G-22 NiMoCr 5 6 0.18-0.24 max0.60 0.80-1.20 max0.015 0.015 max 0.050 1.10 1.30
G3sil 0.07 0.82 1.45 0.01 0.01 0.005 0.025 0.03
G4sil 0.06 0.94 1.64 0.013 0.016 X 0.02 0.02
Wire 15CDV6 0.13 0.15 0.93 max0.009 o X 1.4 X
0.015
G896 M
Mn4Ni2CrMo 0.1 0.8 1.8 X X X 0.35 2.0
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Table 4-4: Continuation of table 4-3

(cont.) Grade Molybdenum Vanadium Tungsten Niobium Copper  Titanium  Nitrogen Zirconium e<:|cji:/t;(l):nt
- wt% wit% wt% wt% wt% wt% wt% wt% -
S275JR 0.02 0.03 X 0.02 0.09 0.03 0.004 X 0.347
S355J2+N 0.01 0.005 X 0.023 0.03 0.005 0.004 X 0.376
Base 15CDV6 0.85-1.15 00'1350' X X X X X X 0.897
. max
G-22 NiMoCr5 6 0.50-0.80 - X X - - 0.010 X 1.007
G3Si1 0.01 0.005 X X 0.021 0.003*! X 0.0! 0.323
G4Si1 0.005 X X X 0.02 0.004 X 0.002 0.341
Wire 15CDV6 0.9 0.24 1.7734 X X X X X 0.793
G896 M
MRaN2CrMo 0.5 X X X X X X X 0.703

X — Content not mentioned in data certificate (see appendices L.1 and L.2)

! _ Ti value stands for Ti + Zr total measurement
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Table 4-5: Mechanical properties of the base and wire materials

Tensile test Impact test (average out of
three)
. Ultimate .
Grade Yield Tensile Elongation Test temperature  Impact Work Hardness
Strength at fracture
Strength
- MPa MPa % °C J HB
S275JR 300 470 30 20 85 X
$355J2+N 4157 586 26 -20 152 X
Base 15CDV6 min900  min1030  min 10 20 min 20 331 - 388 HB 10/3000
. . 1050 - . . 330-375 HBW
G-22 NiMoCr 5 6 min 900 1200 min 10 20 min 27 10/3000
G3sil 466° 577 30° -40 92 X
G4Sil 5003 566 26° -40 86 X
Wire
15CDV6 X X X X X X
G896 M . 4 . 5 .
MnaNi2CrMo min 890 940-1180 min 15 -60 min 47 X

x — Properties not mentioned in data certificate (see appendices L.1 and L.2)
% — Ren, Upper yield

% _ Rq), lower yield

* — Ro2, proof strength

> _ A5, short proportion specimen
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Table 4-5 above shows that the mild steels S275JR [81], [82], S375J2+N [81],
[82], G3Sil [83] and G4Sil [83] are very similar in composition. Welding wire
usually has lower carbon content and higher silicon content than the base
material in order to reduce the possibility of imperfections. However, the higher
strength steels 15CDV6 [84], G-22 NiMoCr 5 6 (according to SEW 520:1996-
09), and G89 6 M Mn4Ni2CrMo [85], show a similar composition, too.
Differences between mild steel and higher strength steel are slightly increased
in Cr, Mo and in 15CDV6 the W. These differences and the heat treatment
improve the higher strength steels significantly in their mechanical properties,
which are shown in table 4-5. High strength steels shown in the tables above
are mainly air hardener and develop a high ultimate tensile strength (UTS)
straight after welding. The properties in table 4-5 for the base material are as
delivered and for the wire are as welded. The toughness reduces significantly
with higher strength steels, compared to mild steels, as high strength steels
result in a hardened microstructure. A hardened microstructure, with
proportions of martensite or bainite, tends to crack during cooling. This
cracking is called cold cracking, and no cracking is understood as high
weldability; weldability is usually established over the carbon equivalent. In the
literature, different carbon equivalents are found, the most common being from
the International Institute of Welding [86] and is calculated from the chemical

analysis as follows:

M t% Cr [wth] + M t%] + V [wt% 4-1
CE [—] = C [we%] + n [;v 0] N r [wt%] ) [5w 0] [Wt%] (4-1)
Cu [wt%] + Ni [wt%]
+
15
Whereby: CE - carbon equivalent
C - Carbon
Mn - Manganese
Cr - Chromium
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Mo - Molybdenum

V - Vanadium
Cu - Copper
Ni - Nickel

Steels with carbon equivalent up to 0.40 are recognised as having good
weldability. As seen in table 4-4, the weldability of mild steels is excellent. The
higher strength steels could cause difficulties in the experiments as their carbon

equivalents are between 0.70 and 1.01.

The parent material (base) is generally ground to remove oxides and acetone

cleaned prior to the welding tests.

4.2.2 Ceramic powders SiC and WC used in the GTA cladding
process
For the cladding process, the two ceramic powders SiC and WC were used.
These ceramics are known to give increased wear resistance [66], [72], [87]-
[89] which could be adopted for brake disc applications [90]. The most
important chemical, mechanical and physical properties of the ceramics are

shown in table 4-6.

Table 4-6: Physical and chemical properties of SiC and WC ceramic [91]-[93]

Property Tungsten Carbide Silicon Carbide

- W,C (subcarbide)
- WC (also called

o-WC) .
Phases - B-WC1x ) a'g.'g

(unstable, forming p-Si

only above

1530°C)
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Property Tungsten Carbide Silicon Carbide

- W,C: hexagonal, - a-SiC:

. a 0.30008, ¢ hexagonal-6H, a
g;ﬁmf;g‘zfr;e) and Lattice ) 47357 3.073, ¢ 15.08
- WC: hexagonal, - B-SiC: cubic, a

a 0.2907, ¢ 0.2837 4.358

Narrow range of SiC (very narrow

Composition homogeneity, a-
WCo.08-WC1.00 range)
. - W,C: 379.71
Molecular Weight (g/mol) _WC: 195.86 40.097
colourless to
yellow if pure,
Colour re brown if doped
grey with boron,
nitrogen or
aluminium
_ - a-SiC(6H):
X-ray Density (g/cm®) wzcc_:'llgéz 3.211
T - B-SiC: 3.214
- W,C: 2730°C
- WC: 2870°C
WC decomposes
by melting
incongruently. 2545°C at 1 atm
. . wc _h_as a Iarge SiC decomposes
Melting Point stability domain A :
: to Si, Si,C, Siy,
but reacts with and SiC
W,C or W. 3
W,C starts to
decompose at
1300°C into W and
hexagonal WC
. _ - a-SiC: 27.69
Specific Heat C,, (J/molK) 39.8 - B-SIC: 28.63
Heat of Formation -AaH; at 298 37.7
K (KJ/g-atom metal) '
Heat of Formation -AH at 298.15 "a-SIC: 2573 ¢
K (KJ/molK) 0.63
- B-SiC: 28.03 £ 2
- , - a-SiC: 41.0
Thermal Conductivity (W/m'K) 63 - B-SIC: 25.5
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Property Tungsten Carbide Silicon Carbide

-a:5.2
Thermal Expansion (x 10°/K) ;jg;oghg,ding on g_-;lg-: 2812

Lattice Parameter

- o-SiC: 0.0015 to

. oy 10°
Electrical Resistivity (uQcm) 17 - 22 - B-SIC: 102 1o
10°
2498 - 2875
Vickers Hardness (HV) 2243 (varies with
crystal face)
Young's Modulus of Elasticit 475 at 293 K
(GPajCJ Y 620-720 441 at 1773 K
Shear Modulus (GPa) 262 192
Bulk Modulus (GPa) 96.6
Poisson's Ratio 0.18 0.142
Transverse Rupture Strength 550
(MPa)
Flexural Strength (MPa) 350 - 600

For the cladding process, some of these properties are important to obtain an
indication of the behaviour of the ceramics during the process. For example, a
too low melting point could lead to melting the ceramic in the liquid weld pool.
However, the melting point is less important under one of the following
conditions: either the cooling rate is fast enough to overcome the effect of
melting, or the ceramic gets into a chemical reaction with the matrix and/or the
base material. The melting point is dependent on the phases of the ceramic.
The high difference in the density of steel (steel: 7.85 g/cm?® [94]) and the
ceramic could lead to floating for SiC and sinking for WC. Too low or too high
electrical resistivity of the ceramic could affect the arc during the cladding
process. The electrical resistivity of the ceramic should be similar to steel
(steel: 10'® pQrem [94]). As the matrix and base materials are steel, the SiC
ceramic has a chemical reactivity with Fe as a solid state reaction down to

approximately 850°C [95]-[98] during cooling.
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The solid state reactions during cooling of the ceramical compounds can be

seen in the phase diagram of SiC and WC in figure 4-8.

a) D) = .
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Figure 4-8: Phase diagrams; a) SiC phase diagram, Schmelze is liquid phase,
Kohlenstoff is carbon content in at% [99], b) WC phase diagram (part: 0 at% W to
60 at% W), L is liquid phase [92]

The preferred chemical composition of both ceramics is 50 at% M and 50 at% C
whereby M stands for W or Si. These phases are eutectic phases, a sign of
high hardness. Tungsten Carbide has a metastable phase at 66 at% W and 33
at% C which is called W,C and has high hardness as well. The wear resistance
of the ceramic would depend on the hardness [62], [100], [101]. SiC and WC
show hardness values with approximately 2200 HV to 2900 HV as shown in
table 4-6, which are significantly harder than that of steel. For comparison, the
hardness of mild steel is approximately 180 HV and that of high strength steel is

approximately 350 HV.

4.3 Calibration of the GTA cladding process

The GTA cladding process must be calibrated before use and the window of

operation needs to be understood. This was done using the following steps:

e Calibration of the wire feeder
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e Calibration of the motion axis

e Calibration of the powder feeder.

A minimum tolerance of the welding and cladding process can give reproducible

values.

4.3.1 Wire feeder calibration

The migatronic KT-4 wire feeder has a feeding speed adjustment of 0 % - 100
% wire feeding rate, whereby the feeding rate depends on the wire used. Steel
can require a higher wire feeding rate for the same wire feed speed (WFS) than
i.e. aluminium because of its density and yield strength. Therefore, steel keeps
its stiffness for longer and avoids wire collapsing (bird nests). The force needed
to feed a wire depends on the set-up of the experiment as well as on the wire
stiffnress and surface roughness. The consequences of the wire set-up,
stiffnress and roughness can be significant. = Nonetheless, some minor
differences can occur from the inliner of the feeding hose, for example grease
on the wire or the pressure of the feeding rollers. The calibration was executed
for all possible feeding rates to find the minimum and maximum wire feeding
speeds. A linear correlation between wire feed rate and wire feed speed

illustrates an accurate working wire feeder.
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KT 4 wire feeder calibration
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Figure 4-9: Wire feeding adjustment to wire feeding speed calibration chart for
the KT-4 wire feeder with G4Sil wire

As seen in figure 4-9, the wire feeding rate to wire feeding speed is a linear
function between WFS = 0.3 m/min and WFS = 3.4 m/min. Outside this range
the wire feeding becomes unstable if not impossible but it gives a very good

operation area for the experiments planned.

4.3.2 Control of the motion axis

The distances on the 5-axis rig shown in figure 4-2 b) were driven and
controlled by a Trio Motion controller. The Motion Coordinator MC216 and
software of the system on the 5-axis rig was “Motion Perfect” from Trio Motion.
Further explanation about the calibration of the motion system can be found in
Appendix E.

4.3.3 Powder feeder calibration

The powder feeder described in figure 4-4 has to be calibrated for each powder
and for each feeding disc configuration. The SiC powder used was the F90 SiC
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with 150 ym — 180 um particle size (see appendix L.3). However, the WC
powder was Spherotene with 40 um — 160 um particle size (see appendix L.3).
These powders were calibrated for different Ar transport gas pressures and flow
rates over one minute feeding times. A useful operating window for powder
feeding is achieved when the powder feeding rate and the feeder disc rotation
correlate linearly. Results shown in figure 4-10 were achieved with SiC and the
feeding disc (NL 16 / 1.2) for higher feeding rates [80].

a) 1.5 bar Ar pressure b) 2 bar Ar pressure
70 70
E = 2
E 60 E 60 /
25 ——————— 2450
-] @
=40 c =t=25 |/min Ar flow rate E 40 =4=2_5 |/min Ar flow rate
3 7/ - 3 _
230 =5 |/min Ar flow rate 230 ——5 [/min Ar flow rate
s 20 75 limin Arflow rate | g 29 _)ﬂ{ 7.5 imin Ar flow rate
=
ER =10 Fmin Ar flow rate E 10 im0 min Ar flow rate
LV :
0 0
0% 20%  40% 60% 80% 0% 20% 40% 60% 80%
Feeder disc rotation Feeder disc rotation
c) 3 bar Ar pressure
70
%so s
250 /
= x
=40 f =2 5 |/min Ar flow rate
E 30 =5 /min Ar flow rate
E 20 7.5 l/min Ar flow rate
'é 10 i 10 miin Ar flow rate
=l
(=3
0
0% 20% 40% 60% 80%
Feeder disc rotation

Figure 4-10: F90 SiC powder feeding calibration plotted against the feeder disc
rotation (see 4.1 powder feeder range) for an NL 16 / 1.2 [80] type feeding disc
with an Ar transport gas flow rate from NLPM = 2.5 I/min to NLPM = 10 I/min; a)

1.5 bar Ar transport gas pressure; b) 2 bar Ar pressure; ¢) 3 bar Ar transport gas
pressure

As seen in figure 4-10 a), the SiC powder feeding with the 1.5 bar Ar transport
gas pressure is unsteady. Therefore, an adjustment for a specific powder
feeding rate would be difficult. Figure 4-10 b) and c) illustrate that the powder
feeding rate (in g/min) becomes linear to the feeder disc rotation speed (see 4.1
powder feeder range) with increasing Ar transport gas pressure. Linear powder

feeding rates in a stable area can only be used for the powder feeding. SiC
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powder feeding is possible for all tested Ar transport gas flow rates from NLPM
= 2.5 1/min to NLPM = 10 I/min.

a) 2 bar Ar pressure b) 2.5 bar Ar pressure
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Figure 4-11: WC Spherotene powder feeding calibration plotted against the
feeder disc rotation (see 4.1 powder feeder range) for an S 5/ 1 [80] type feeding
disc with an Ar transport gas flow rate from NLPM =5 I/min to NLPM = 10 I/min;
a) 2 bar Ar transport gas pressure; b) 2.5 bar Ar pressure; c¢) 3 bar Ar transport

gas pressure

For the WC powder Spherotene 40 um - 160 pm, the rotation disc S 5/ 1 for
lower feeding rates was employed. The WC Spherotene calibrations with Ar
transport gas pressures under 2 bars were not possible as it was only clogging
up the pipe. A calibration was only possible from 2 bars to 3 bars. Ar transport
gas flow rates under 5 I/min exhibited a heap of WC powder on the rotation
disc. WC could not be carried without an Ar flow rate of minimum 5 I/min. High
WC density (p = 16.4 g/lcm®), therefore weight, makes it difficult to transport the
Spherotene powder with gas. The illustration of figure 4-11 a) and b) reveals
even for 2 bars and 2.5 bars unsteady powder feeding. Even increasing the Ar
flow rate to the maximum of 10 I/min indicates a non-linear powder feeding area

at approximately 20 % powder feeder disc rotation. Ar flow rates from 5 I/min
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and over 3 bars yielded linear variable between feeder disc rotation and powder
feed.

As seen in figure 4-11 c), the WC powder feeding rate (in g/min) with 3 bars
transport gas pressure is stable for disc rotation speeds between 2.5 % and 75
% and Ar transport gas flow rates from NLPM = 5.0 I/min to NLPM = 10 I/min.
Only WC Spherotene was calibrated on the S 5/ 1 type feeding discs for lower
feeding rates. As WC has a high density, clogging might easily be possible and
a calibration over 1 min feeding time could be too little. Therefore it was
compared with a calibration of 10 min feeding time. Figure 4-12 b) shows a 10
times longer calibration time of 10 min which still gives a stable WC powder
feeding rate with Ar transport gas of 3 bars pressure and NLPM = 5.0 I/min flow

rate.

Stability test of WC powder feeding

—4—1 min

=1 =10 min

10% 16% 20% 26% 30%
Feeder disc rotation

0% 5%

Figure 4-12: WC Spherotene feeding rate, feeder disc rotation for the S5/ 1 type
feeding disc, 3 bars Ar transport gas pressure, NLPM =5 I/min Ar flow rate; 1 min

and 10 min powder feeding for each calibration point
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4.4 Investigation of GTAW process limits

The GTA welding process window in terms of combination of I, TS and WFS
with the equipment described in 4.1 has its physical limits. Welding seams in a
bead-on-plate shape were examined. To investigate the boundaries of a
welding process, without any ceramic reinforcement, some pre-trials were
performed. The purpose was to find a process window suitable for the intended
application. S275JR base plate (12 mm thick) was clamped on the four edges
and G4Sil wire with & 1 mm was used. The details of the materials can be
found in 4.2.1 and Appendix L. A smooth round weld bead is expected within
the process window. Variation in current (I), travel speed (TS) and wire feed
speed (WFS) were undertaken to establish the process window. Phenomena
on the boundaries of the process window are explained here.

All other parameters were defined as minor influences and kept constant; the
parameters are listed in table 4-7:

Table 4-7: Constant parameters for GTAW process limits investigation

electrode wire wire
Parameter  torch angle a b feeding feeding
angle o
direction angle
Unit - mm mm ° - °
. perpendicular lead
. 7 1
Setting to work piece 0 > feeding >
Shielding Shielding
Parameter c d gas flow
gas
rate
Unit mm mm - [/min
Setting 3 13 Ar 7
Whereby:
a distance between tungsten electrode and work piece — arc length
b electrode stick out
c distance between the feeder nozzle and the substrate base plate
d distance between the feeder nozzle and the tungsten electrode
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_______ z /////////////////
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i traverse direction

Figure 4-13: Schematic set-up of the torch with wire feeder, a distance between
tungsten electrode and work piece, b electrode stand-off to the shroud, c
distance between the feeder nozzle and the substrate base plate, d distance

between the feeder nozzle and the tungsten electrode; front view

Deeper explanation of the parameters and the torch set up can be found in a
schematic illustration in figure 6-1.
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Figure 4-14: Bead-on-plate welding seams; 1: lumpy deposit, upper current; 2:
smooth seam, upper current; 3: humping; 4: smooth seam, lower current; 5:

lumpy deposit, lower current; 6: narrow seam
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The results in figure 4-14 demonstrate a broad process window. The

correlating parameters to the welding seam are as below:

Table 4-8: GTAW process parameter of figure 4-14

Ffr;e I TS WEFS Bead surface
S;?:‘ A m/min m/min -
1 216 0.3 1.5 lumpy deposit
2 216 0.3 1.0 smooth
3 216 0.5 1.0 humping
4 144 0.1 0.3 smooth
5 144 0.5 0.3 lumpy deposit
6 144 0.5 1.0 narrow bead

Welding with too high WFS at high currents causes lumpy deposits. Figure
4-14 seam 1 illustrates the lumps; however, a reduced WFS at the same current
results in a smooth bead (Figure 4-14 seam 2 and table 4-8 seam 2). If the
travel speed is too high, the welding process results in a humping effect. The
grooves of the effect can be seen in figure 4-14 3 although the lumps are not
clear in this view. Figure 4-14 seam 4 is evidence of a smooth bead at a lower
current. Nonetheless, high TS cause a melting of the wire to a droplet and
deposited it in lumps on the base plate. This lumpy deposit at low current is
demonstrated in figure 4-14 seam 5. Increased wire feed speed compensates
for the lumpy deposit and indicates a very narrow seam, as observed in figure
4-14 seam 6.

The parameters developed will be used in the remaining experimental work.

4.5 Conclusions

Functional graded structures need small increments of cladding layer heights;
therefore the GMAW (see Appendix D) and GTAW processes were tested. The
GTAW process can achieve the lowest layer heights as the current and voltage

are controlled independently from the wire feed speed. In fact, autogenous
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welding even makes zero layer height possible. The following conclusions can

be drawn from the experimental set up of the GTAW process:

e The 5-axis rig, the Migatronic TIG/Plasma power source and the

Migatronic KT4 wire feeder were chosen as suitable.

e The Sulzer Metco TWIN-10-C powder feeder is found to be appropriate

for uniformly ceramic powder feeding.
e Investigation of the GTAW limits demonstrates a broad range of the

process window which provides a practical variety of parameters.

Statement:

e The materials used in this work were considered as suitable for brake

disc applications.

e All GTAW process appliances were calibrated.

62



5 Feasibility study on manufacturing of functional
graded structures using SiC ceramic powder in a
steel-based matrix

This chapter presents a paper [102] examining the feasibility of the application
of a Gas Tungsten Arc Welding (GTAW) process to obtain a metal-composite
functional coating for advanced tribological application. Silicon carbide (SiC)
particles (see table 4-6) in the form of powder were added to a weld pool in
autogenous mode as well as with an additional filler wire. Powder feeding was
carried out from different angles and with varying separation distances from the
welding torch. The metallurgical characterisation of the clad structure was
carried out using optical as well as Scanning Electron Microscopy (SEM).
Energy Dispersive X-Ray Spectroscopy (EDS) was performed for a semi-
quantitative analysis of the composition of the deposited weld metal. It was
observed that due to lower particle density, it was difficult for SiC to penetrate
the weld pool. The added SiC found to be dissociated into Si and carbon and
the large amount of dissolved carbon in the weld pool resulted in formation of

graphite phases.

S. Herbst did the cladding development, planning of the experiments and
analysis of the welds as well as presenting the topic at the Euromat
2011 conference [103] in the symposia B13 Novel steels and steel matrix

composites.

S. Ganguly and S. Williams brought in their expertise in welding and

metallography and provided the supervision.

Herbst, S., Williams, S., & Ganguly, S. (2012). A Feasibility Study on Manufacturing of
Functionally Graded Structures Using SiC Ceramic Powder in a Steel-Based Matrix by
Gas Tungsten Arc Welding (GTAW). steel research int.,, 83(6), 546-553.
doi:10.1002/srin.201100271
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5.1 Introduction

The aim of the presented work is to achieve a functionally graded layer of metal
matrix composite on a steel substrate, with significant improvement in frictional
wear performance. The presented study focused on achieving a metal matrix
composite layer using SIC as the reinforcement phase in a low carbon steel
matrix. A different low carbon grade structural steel plate was used as a
substrate material. The F90 grade of SiC ceramic powder (size fraction range
150 um — 180 um) was studied as the reinforcement phase for low carbon steel.
A gas tungsten arc welding (GTAW) process was used to create the metal
matrix composite layer structure. In addition, the issues associated with the
process were described. To achieve a metal matrix and ceramic reinforced

coating layer, two different methods were used.

An autogenous GTAW process was used where the ceramic powder was fed
into the molten substrate metal. An S275JR grade of steel (see table 4-3) was

used as the substrate plate.

In a separate trial, a G4Sil (see table 4-3) mild steel filler wire was fed into the

TIG welding process as the matrix material along with the SiC ceramic powder.

Silicon is not a natural carbide former and therefore, the main objective of this
work is to study the stability of SiC particles in the melt pool. Also iron has a
catalytic effect on SiC, which reduces the dissociation temperature of SiC from
1415°C to approximately 850°C [95]. In steel, Si creates bulk silicides which
promote the graphite formation [104]. Carbon has a low solid solubility in ferrite
and it promotes pearlitic structures up to 0.8 wt% C [105]. Dissociation of SiC
would result in excessive carbon content in the weld pool and would exceed the
eutectoid composition of 0.8 wt% C. When the Si content is low, carbon content
above 0.8 wt% C would result in the formation of iron carbides (FesC) in the
microstructure. At levels above 2.0 wt% C, the eutectic ledeburite phase forms
out of the liquid phase - known from the metastable iron carbon diagram [28],
[105]. If the C content is well above 0.8 wt% and the Si content is high, the
carbon forms graphite. Depending upon the cooling rate and presence of

graphitising elements, the graphite can be either in a flake or sphere form [106],
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[107]. This is known from the stable iron carbon diagram [28]. To avoid the
dissociation of SiC ceramic particles and retain them in powder form, the heat
input into the weld pool should be sufficiently low or in other words the energy
available for SiC dissociation should be restricted. The separation distance
between the point of powder feeding and the GTAW arc, which is controlled by
the position of the powder feeder and the powder feeding angle is, therefore,
vital in determining the thermal energy of the weld pool available to the SiC
particles and thereby critical in controlling the composition and microstructure of
the deposited layer. The work presented here shows the microstructural
conditions as observed from the different positions and feeding angles of the

powder feeder in the horizontal and vertical planes.

5.2 Experimental Procedures

For the TIG cladding, the Migatronic TIG/Plasma commander 320 A AC/DC
power source (see chapter 4.1), with a WeldTec TIG welding torch WT-28A-B
was used. Wire feeding was enabled through a Migatronic KT-4 wire feeder
(see chapter 4.1) for cold wire feeding. The SiC ceramic powder was fed by the
Sulzer Metco TWIN-10-C R2 Powder Feeder (see chapter 4.1) which was
calibrated for a volume flow of 4 g/min to 66 g/min SiC. Pure argon (see
figure_apx |-15) was used as transportation gas under 2 to 3 bar pressure and a
flow rate of 2.5 I/min. The torch, wire feeder nozzle and powder feeder nozzle
were mounted on a motion system to generate the cladding track. The torch
was in a vertical position and at 90° to the base material, which was mounted
horizontally underneath (welding position PA according to BS EN ISO
6947:2011). Table 5-2 shows the important process parameters used for the
autogenous TIG clads of SiC ceramic powder. The mixing of the SiC patrticles
in the weld pool and subsequent microstructural features were investigated for a
given separation distance between the arc and position of powder addition (d
and c) and the angle of the powder feeder with the direction of traverse in

vertical (B) and horizontal planes (a) (Figure 5-1 and table 5-1)
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Figure 5-1: 1la schematic B angle in x and z direction (traverse direction, front

view); 1b schematic o angle in x and y direction (orthogonal to traverse direction,
top view), torch travel direction is from a = 180° to a = 0°; and d separation
distance between the feeder and the electrode, ¢ distance between the plate and

the feeder.

The parameters of the experimental set-up of figure 5-1 are shown in the table
below. It should also be mentioned that the powder feeder is always straight-
aligned with the travel direction. The angle a is therefore either o = 0° or a =
180°.

Table 5-1: Set up parameter of the TIG cladding experiments refer to figure 5-1; a
angle in x and y direction, p angle in x and z direction, d separation distance, IP

impingement point, PF powder feeder, WF wire feeder, Exp. Experiment

d IP
Exp. Name o B in in
mm mm
Exp. 1 SiC clad 30° PF 0° 30° 16 11
Exp. 2 SiC clad 90° PF 0° 90° 11 11
SiC clad 30° with wire WF 180° 8° 28 0
Exp. 3
PF 0° 30° 16 11
SiC clad 30° with wire WEF 180° 8° 28 0
Exp. 4
front feed PF 168° 30° 32 11
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The constant TIG cladding parameters of the power source, torch, materials

and powder feeder used for the SiC clads are listed in table 5-2.

Table 5-2: Cladding parameters of the TIG clads of SiC; Matrix material and wire

feed speed are only used where written in this chapter.

Cladding parameters Set value
Current I'in A 216
Tungsten electrode diameter in mm 3.2
Angle tungsten electrode 30°
Arc length in mm 3.5
Feeder to work piece distance (c) refers to 3.0
figure 5-1 in mm
Travel speed in m/min 0.35
Ar shielding gas in I/min 10
Ar transport gas in I/min 2.5

SiC ceramic

F 90 SiC, 150 um — 180 um

particle size

SiC feeding rate in g/min

22

Base material

S275JR

Matrix material

G4Sil mild steel welding wire

Wire feed speed in m/min

15

5.3 Results and Discussion of the SiC cladding procedure

Bead profiles for the reference autogenous welds without powder feeder were

shown in figure 5-2 a and with powder feeder transport gas (Ar) (f = 30°, a = 0°
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angle set up) were shown in figure 5-2 b. These welds show that the humping
effect, due to excessive travel speed in the autogenous TIG weld (Figure 5-2 a),
is eliminated by the Ar transport gas only (Figure 5-2 b). The humping effect
still occurs between the arc and the point of the transport gas impact. This
effect gets evened out because of significant turbulences in the liquid weld pool.
These turbulences appear from a combination of the pressure of the argon

transport gas and the changed surface tension due to the flow of trailing argon

instead of steady air.

Figure 5-2: a autogenous TIG welding track; b TIG welding track with Ar
transport gas from the powder feeder; ¢ TIG cladding track with SiC powder

feeding Exp. 1; d TIG cladding track with SiC powder feeding Exp. 2

In the TIG cladding tracks with SiC powder, the humping effect is still prevented
by the Ar transport gas (Figure 5-2 ¢, d). The Exp. 1 shows a very rough
surface with a dense SiC particle distribution on the surface (Figure 5-2 ¢ and
figure 5-3 a). The smooth powder feeding angle of B = 30° gives an optimum
bonding on the weld pool surface. However, Exp. 2 was chosen because of the
density difference of steel and SiC ceramics. SiC powder has a Loose Pack
Density (LPD) between 1.41 g/cm® and 1.51 g/cm® and a single SiC particle has
a density of 3.21 g/cm?, identified from the material delivery note [108], [109].
The steel S275JR has a density of 7.85 g/cm® [94]. As the density of SiC is
approximately five times lower than the density of steel it was necessary for the
SiC powder to be fed deeper into the weld pool, otherwise it would have

coagulated near the surface without any penetration. The surface lustre of the
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TIG clad in Exp. 2 (Figure 5-2 d and figure 5-4 b) indicates a significantly
increased SIC patrticle incorporation, as more powder got into the clad instead
of floating. In comparison, the clad in Exp. 1 had a rough dark surface of SiC

particles, as seen in figure 5-2 ¢ and figure 5-4 a.

Figure 5-3: Microsection of the SiC clad; a microsection of the SiC clad from Exp.

1; b microsection of the SiC clad of Exp. 2

In the overview of both samples, it is seen that the = 90°, a = 0° angle powder
feeding (Exp. 2) gives a uniform cladding bead (Figure 5-3 b), whereas the =
30°, a = 0° angle powder feeding (Exp. 1) shows a mixture of different phases
figure 5-3 a. The cross section sample preparation is given in Appendix G and

the light microscope tolerances are in section G.2.
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Figure 5-4: Surfaces and microsection of the SiC clad; a surface of the SiC clad
of Exp. 1; b surface of the SiC clad of Exp. 2; ¢ microsection of the SiC clad of
Exp. 1; d microsection of the SiC clad of the Exp. 2

Nevertheless, the SiC cladding tracks appear to be different in the microsection
when compared to the surface. As seen in figure 5-3 a, b and in figure 5-4 ¢, d,
the SIC particles are only on the surface of the cladding track. There is a
distinct absence of SiC particles seen in the microsection of the Exp. 2 (Figure
5-4 d). Further detailed investigation to understand the dissociation of SiC
powder of the sample of Exp. 1 (Figure 5-2 c, figure 5-3 a and figure 5-4 a, ¢)
was undertaken using the Scanning Electron Microscope (SEM) and analysed
with Electron Dispersive X-Ray Spectroscopy (EDS, EDX). The analysis is
based on the Si content as a quantitative analysis of carbon is not advisable
using the EDS spectroscopy. The EDS analysis shows that the SiC is
dissociated into Silicon (Si) and Carbon (C). This is seen due to the Si content
being very high compared to the Si content in the steel (0.18 wt% Si). Itis in all
depths of the weld metal between 6.19 wt% Si and 9.41 wt% Si. This is shown
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in figure 5-5 b A 3 and ¢ A 4 with the EDS values of table 5-3 Areas 3 and 4.
However, the SiC patrticles on the surface as seen in figure 5-5 a are chemically
bonded to the surface of the clad. This is due to the fact of a graduated
transition zone (Figure 5-5 b A 2) analysed in table 5-3 Area 2 from the particle
to the matrix material. This transition zone shows Manganese (Mn) of 0.51 wt%
Mn and a Si content of 6.19 wt% Si because of the diffusion of steel into the SiC
and Si out of the SiC. The EDS analysis of figure 5-5 ¢ A 5, given in table 5-3
Area 5, shows an indication that these particles in the clad are graphite, as in
cast iron. In comparison with the literature available on cast iron and figure 5-5

b, it is reasonable to suggest that these particles are graphite [105].

Table 5-3: Chemical analysis of the raw materials and the EDS analysis. All

results in weight per cent (wt%).

Material C Si Mn Cr Ni Others O Fe
SﬁgigR 0.14 0.18 0.82 0.13 042 0.24 bal.
SiC ceramic  29.95 70.05
>4l 006 094 164 002 002 0.06 bal.
EDS

analysis

Area l 35.70 63.51 0.79
Area 2 4768 6.19 0.51 45.6
Area 3 10.43 9.41 0.98 79.2
Area 4 6.52 891 0.84 83.7
Area 5 88.75 0.40 8.38 2.47
Area 6 423 0.00 1.00 94.77
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Figure 5-5: SEM images of the SiC clad of Exp. 1 and the S275JR base material; a
overview surface; b magnification of a with EDS analysis: A 1 is Area 1, A 2 is
Area 2, A 3is Area 3 in table 5-3 ; ¢ middle of the SiC clad with EDS analysis A 4
is Area 4, A5is Area 5in table 5-3 ; d S275JR base material with EDS analysis A
6is Area 6 in table 5-3

The trend of Si throughout the microsection, starting from the base to the weld
material surface, can be shown in a graph. The graph reflecting the wt% Si of
table 5-3 is given in figure 5-6.
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Figure 5-6: trend of Si in the microsection from figure 5-5 and table 5-3.

Figure 5-6 shows an increase of Si from the base to the weld bead by 8.73 wt%
Si (from S275JR base to Area 4). This significant increase keeps stable to the
top of the weld material (from Area 4 to Area 3). Within the dissociating area of
the SIC particles (Area 2) is a slight decrease of Si by 3.22 wt% Si measured
(from weld bead of Area 3 to Area 2). The original SiC particle reveals an

increase of 54.1 wt% Si compared to the weld material (Area 3 to Area 1).

When an additional matrix material was fed in form of wire, two experimental
set-up positions were used. The first was powder feeding trailing the arc with a
B = 30° o = 0° feeding angle (Exp. 3) and the second was powder deposition in
front of the arc with a B = 30°, a = 168° feeding angle (Exp. 4) (Table 5-1). In
both set-up positions the wire was fed prior to the arc with a § = 8°, o = 180°
feeding angle (Table 5-1).

The additional matrix material should have two effects:

Firstly, the weld bead should have the same energy input but more volume to
melt as without the wire, particles of the SiC ceramic feeding trailing the arc
would feed into a liquid melt pool with lower temperature (Exp. 3).

Secondly, when the powder deposition in front of the arc was used, the SiC

particles should form a layer on the base material which would be covered by
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the molten wire and be bonded to the base material to overcome the floating
effect (Exp. 4). However, the full energy of the arc would be on the particles.

The results in figure 5-7 a and b show that the SiC particles still dissociate.

50 microns

Figure 5-7: microsection of SiC clads with matrix material; a feeding of SiC
particles trailing the arc (Exp. 3), overview; b SiC particles deposition in front of
the arc (Exp. 4), overview; ¢ Exp. 3, surface magnification; d Exp. 4, SiC particle

on the surface in magnification

As can be seen in figure 5-7 b, a slight misalignment of the powder feeder out of
the travel direction of the GTAW torch (out of a = 0° or a = 180°) caused an
uneven penetration of the weld bead (Exp. 4). SiC powder deposition prior to
the arc cannot be aligned to a o = 180° angle as the wire feeder is in this
position. Without misalignment, the penetration difference has not appeared in
powder feeding trailing the arc (Exp. 3) (Figure 5-7 a). Unfortunately, a crack
initiated by the high hardness was on one side of the track in Exp. 3 trailing the
arc. Figure 5-7 a and b shows the dissociation of the penetrated SiC. Figure

5-7 c also shows how the SiC particles on the clad bead surface are bonded.
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The SiC particles form graphite close to the surface. However, the SiC particles
form only a brittle cast iron structure together with the matrix deeper into the
clad. In the SiC powder deposition and wire feeding prior to the arc, the SiC
particles dissociate on the surface, as shown in figure 5-7 d, and no graphite

was identified.

5.3.1 Microhardness test according to Vickers

The following microhardness test according to Vickers shows a significant
increase of hardness in all clads with SiC. The hardness Vickers test with 0.5
kg mass or 4.903 N nominal load (Figure 5-8) shows an average hardness of
the S275JR base material with 171HV0.5 (the in test indentation distance is O
mm to 5 mm for all test tracks). The hardness in the Heat Affected Zone (HAZ)
illustrates a similar progression for all test tracks either with wire or without. The
hardness of the HAZ is in the test indentation distance from 0 mm to -1.5 mm.
For the SiC clad Exp. 1, the increase of 182HV0.5 in the HAZ is from 173HV0.5
to 355HV0.5 - the highest of the specimen. The specimen of the SiC clad Exp.
2 has the lowest hardness improvement in the HAZ, with 58HV0.5 - from
176HV0.5 to 234HV0.5. The Vickers hardness of the HAZ in SiC particles
feeding trailing the arc (Exp. 3) with wire feeding, indicates a growth of
120HVO0.5 from 199HVO0.5 to 319HVO0.5. The SiC particles feeding in Exp. 4
(deposition prior to the arc) confirms this development in the HAZ with
115HVO0.5 - from 196HVO0.5 to 311HVO0.5.
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Figure 5-8: Microhardness test according to Vickers of the SiC clads, at 0 mm
indentation distance is the last test point in the base plate, at -1.5 mm
indentation distance is the last point in the Heat Affected Zone (HAZ); SiC clad
30°: Exp. 1; SiC clad 90°: Exp. 2; SiC clad 30° with wire: Exp. 3; SiC clad 30° front

feed with wire: Exp. 4

While in the two HAZ of the SiC clads without wire the increase of hardness is
significantly different with 182HV0.5 and 58HV0.5, the hardness growth in the
two HAZ of the SiC clad with wire has a minor difference with 120HV0.5 and
115HVO0.5.

As seen in figure 5-8, all SiC clads have a very steep rise in hardness from the
HAZ (at -1.5 mm indentation distance) to a peak point in the clad (at -2.5 mm to
-3.0 mm) which could come from the excessive carbon inclusion. The result
then goes along with the previous findings that graphite is in the upper area of
the SiC clads (Figure 5-5 and figure 5-7). The hardness Vickers value of Exp. 1
rises from the HAZ with 355HV0.5 to 1084HV0.5 (Figure 5-8 from -1.5 mm to -
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3.0 mm indentation distance). After that the hardness drops towards the SiC
clad surface from 1084HVO0.5 to 922HV0.5 at -3.5 mm indentation distance.
The peak value in Exp. 2 is the hardest with 1183HV0.5. This peak appears at
a 1 mm distance from the HAZ which has a hardness of 234HV0.5. The
hardness drops after the peak down to 897HV0.5 (at -3.0 mm indentation
distance). For Exp. 3, the peak is at -2.5 mm indentation distance and achieves
a hardness of 1028HV0.5. The reduction following the peak to 984HVO0.5 (at -
3.0 mm indentation distance) is not as great as the SiC clads without matrix
material. As seen in figure 5-8, the SiC particles’ deposition in Exp. 4 has the
lowest hardness with a peak of 984HVO0.5 directly at the surface (at -4.5 mm
indentation distance). Nevertheless, the hardness improves shortly following
the HAZ from 311HVO0.5 to 916HV0.5 and stays on a stable level to the surface.
Summarising all HV0.5 hardness values are dropping down towards the surface
which could be because of decarbonisation. This phenomenon was not

observed for Exp. 4.

5.4 Conclusions and Future Work

Due to two major problems, SiC clads with ceramic particles in a uniform
distribution are difficult to achieve:

e Firstly, SiC has an immense density difference from steel. This causes
floating of the SiC particles on the surface of the molten weld pool.

e Secondly, SiC has an extreme chemical reactivity with iron. The catalytic
effect of iron on the dissociation of SiC allows the SiC particles to evenly
react in a solute-state reaction in lower temperatures. This effect cannot
be easily prevented by changing the cooling rate.

All cladding tracks show a very hard cast iron structure on steel with less
cracking. Importantly in this case is the hardness of clads of up to 1183HVO0.5,
which could give a significant abrasive resistance. The SiC clad in Exp. 2
indicates a deeper indentation of SiC particles in the weld pool. This
development will help in future examinations. Thus if SiC ceramic has an

abnormal reaction to iron, then either the ceramic or the matrix material needs
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to be changed to form a layer with a ceramic distribution in a tough matrix

material.
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6 Effect of welding parameters on bead shape, dilution
and retrieval of WC ceramic powder

Ceramic metal matrix composites (MMC’s), by the GTAW process can only be
achieved if the ceramic retains its particle form after the cladding process or

reprecipitates as ceramic in the cladding process.

The objectives for this chapter are the following:

e Firstly single bead welding tests with a tungsten carbide (WC) powder
addition were surveyed to examine the behaviour of the bead. Shielding
gas and electrode grinding angle were chosen as the most influencing
GTAW process parameters on the single bead and WC patrticles.

e Later on, a range of WC powder feeding rates was examined to

understand the interaction of WC with molten steel.

Chapter 6 describes the WC influence on single beads in a bead-on-plate set-

up using the following steps:

1. Process configurations

N

Shielding gas and electrode angle influence on
e Process parameters
¢ Single bead dimensions
e WC powder addition and retrieval
e Matrix hardness in interdependency of WC absorption
e Cracking of the layer.
. Study of WC powder addition

w

e Effect of WC on single bead dimension
e Matrix hardness in interdependency of WC absorption
e Cracking of the layer.

4. Summary and conclusion
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6.1 Process configuration for WC single bead trials

GTA welding was performed with the machines and materials of chapter 4.1 in
which the base and wire material were chosen as G-22 NiMoCr 5 6 and G89 6
M Mn4Ni2CrMo, respectively. Single bead trials were accomplished in the set-
up sketched in figure 6-1. The tip of the electrode is the point of measurement
for the distance to the work piece (a), regardless of the grinding angle (y).

a . .
) d : b)

shroud ~ .

feeder shroud powder

nozzle feeder
wire . electrode
1
\ ;

electrode

“y

traverse direction

Figure 6-1: Schematic set-up of the torch, wire feeder and powder feeder for GTA
cladding, a distance between tungsten electrode and work piece, b electrode
stand-off to the shroud, ¢ distance between the feeder nozzle and the substrate
base plate, d distance between the feeder nozzle and the tungsten electrode, a
horizontal angle of the feeders to the torch (0° = trailing, 180° = leading), B
vertical angle of the feeders to the base plate, y electrode grinding angle; a) front

view; b) top view

Wire feeding was done using a leading (o = 180°) wire feeder nozzle.
Therefore, the wire must pass through the whole arc and a fully melted wire can
be ensured within the process window established in chapter 4.4. For an MMC
with ceramic as reinforcement phase, the liquid metal of the weld bead should
not be too long above a certain temperature. For WC ceramic this temperature
is at about 1300 °C (see table 4-6). Consequently, the WC ceramic was fed at
the back of the arc with a trailing powder feeder nozzle. In chapter 6 the
ceramic powder feeder nozzle, as seen in figure 4-7 b), was only used. Chapter

5 has shown that a straight powder feeder (o = 0° or o = 180°) leads quickly to
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ceramic particles burning and attaching to the electrode. This is an outcome of

reflected particles from the work piece surface.

Table 6-1: Constant parameters for GTA cladding of ceramic MMC single bead

trials; IP: WC powder impingement point, calculated

wire feeder nozzle
travel wire
Current feed a b c d o B
speed
speed
A m/min m/min  mm mm mm mm ° °
200 0.3 15 3.4 8 15 141 180 19
powder feeder powder feeder nozzle
Ar Ar Ar
flow flow ¢ d o B P
pressure
rate  rate
bar NLPM I/min i mm mm ° ° mm
3 5 5 58 39 103 37 8.2

The constant parameters in table 6-1 were chosen from the experimental range
established in chapter 4. Figure 5-2 a and b demonstrates the significant effect
of the Ar transport gas pressure as the humping effect is just flattened by the
powder nozzle without powder feeding. Therefore, in further tests a pressure
reducing container shown in figure 4-6 was used. GTA cladding demonstrated
a homogeneous single bead welding seam with the fixed process parameters

displayed table 6-1. Variable parameters were:

e Shielding Gas type, 7 I/min flow rate (Ar, Ar/He 50/50, He)
e Electrode angle (y) (34°, 57°, 98°)

e WC powder feeding rate (0O g/min — 100 g/min).

The set-up for the GTAW process configuration is illustrated in figure 6-2.
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Figure 6-2: Configuration of the GTA cladding with WC powder in single bead

trials; 1: torch, 2: wire feeder nozzle, 3: powder feeder nozzle, 4. work piece, 5:

clamping system, 6: cladding deposits
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The electrode angle, shielding gas and WC powder feed rate were chosen to
understand the conditions which will yield optimum bead dimensions and
powder intake. Whereby, the bead should have low penetration and the

ceramic particles uniformly distributed.

The error bars in this chapter are calculated with the formula shown in Appendix
F.

6.2 Shielding gas and electrode angle influence on WC single
bead trials

Shielding gases for GTA welding are usually pure argon (Ar) or argon/helium
mixtures as explained in chapter 3.1. Argon is the inert gas for universal usage
and is preferred due to its low costs. Helium (He) generates a “hotter” arc
compared to Ar [110][18] which provides much greater penetration. The effect
originates from a higher voltage (V) with constant current (I) and work piece to

electrode distance (a). Following equation

P=IxV (6-1)

Where Power (P) increases linearly with the voltage if the current is kept

constant. Thus more heat is generated (called a “hotter” arc) in the welding arc.

The grinding angle of the tungsten electrode (Figure 6-1 y) can be used to
control the level of penetration (and dilution). Figure 6-3 indicates that a smaller

electrode angle results in a wider weld pool.
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Figure 6-3: Schematic display of the interaction between the arc and the

electrode grinding angle (y) with the resulting weld pool shape [111]

Thus the penetration is not so deep and the weld bead width is large. A larger
electrode angle generates a narrow arc instead, with a deep penetration and
low weld bead width. Consequently, the electrode angle is responsible for the

power density of the arc in GTAW.

In cladding a low penetration is required. In previous studies the effect of WC
powder was not accounted for. In the following study the effect of the shielding

gas and the electrode angle was determined.

WC powder feeding was kept constant for the trials at 15 g/min. Thus this study
includes the effect of WC powder in the weld bead dimensions. The Ar
transport gas of the powder feeder was released with the valve on the pressure
reducing container fully open (see chapter 4.1), and a constant gravity driven

powder flow was therefore guaranteed.

For a final control, the electrode angle (y) was measured under the microscope.
Hereby, it is showing that the grinding angles used were y = 33.56°, y = 56.94°
and y = 97.51°, as seen in figure 6-4. The tolerance of the light microscope is
described in Appendix G section G.2. The electrode grinding angles have been
rounded to y = 34°, y = 57° and y = 98° to bring the measurements in the

measurable tolerance.
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Figure 6-4: GTAW 3.2 mm @ tungsten electrode tips after grinding with the angle

y = 33.56°, y = 56.94° and y = 97.51° measured under the microscope

The following shielding gases were chosen:

e 100 % Ar BOC Pureshield Argon (see figure_apx
I-15)

e 50/50 Ar/He (50 % He, Arbal.) BOC  Alushield Universal (see
figure_apx I-16)

e 100 % He BOC Helium, compressed (see
figure_apx I-17)

These electrode angles and shielding gases should show if both effects are
contrarious or elevating in WC ceramic MMC cladding. The shielding gas flow
rates for 100 % Ar, 50/50 Ar/He and 100 % He were adjusted to 7 I/min, 11
I/min and 22 I/min, respectively, to keep the mass flow rate stable.
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6.2.1 Influence on the process parameters

Cladding trials with the GTAW configuration of section 6.1 and the parameters
from section 6.2 showed different visual welding behaviour. The shielding gas
changes gave the biggest visual effects. Argon left the arc appearing blue and
helium orange. The more helium was used, the more fume appeared. This
was still indicated on the surface of the weld beads after acetone cleaning of the

dust, as seen in figure 6-5.
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Figure 6-5: Surface of single bead welding seams in bead-on-plate mode with 15

g/min WC powder feeding rate and a constant electrode angle of y = 34°, ruler
scale: 1 mm distances, microsections in figure 6-6; shielding gases: a): 100 %
Ar; b) 50/50 Ar/He; ¢) 100 % He
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Figure 6-5 a), with pure Ar shielding, seems to have many more particles than
b) (50/50 ArHe mixture) and c) (pure He) on the surface. Figure 6-5 b) (50/50
ArHe mixture) appears darker on the top with only some WC patrticles. The
bead with He shielding in figure 6-5 c) showed a very dark surface. The fumes
during welding with He built slags which hindered further oxidisation after the
shielding gas atmosphere of the torch. He dilutes quickly with air due to its
atomic weight. Additionally, He makes the weld bead hotter, which results in a
longer liquid weld bead. The longer weld bead is not covered by shielding gas;

therefore, more oxidation is developing a slag, which is black. Figure 6-6 shows

the transverse cross sections of the cladding beads in figure 6-5.

Figure 6-6: Microsections of single bead welding seams in bead-on-plate mode
with 15 g/min WC powder feeding rate and constant electrode angle, 1: weld
bead, 2: Heat Affected Zone (HAZ), 3: base material, surface in figure 6-5;
shielding gases: a): 100 % Ar; b) 50/50 Ar/He; c) 100 % He
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Compared to steel welds, MMC bead-on-plate welds showed a wavy
penetration. The layer was generally wider and more even than the GMA weld
in Appendix D. WC pick-up was achieved with all three gas types. Pure He
tended to crack under the surface, as reflected in figure 6-6 c). The sample
preparation for cross sections is explained in Appendix G. Whereby, the light

microscope tolerance is in section G.2.

To understand the influence of the shielding gas on the weld bead shape and
the cracking, the process parameter arc current (l), arc voltage (V) and wire
feed speed (WFS) were monitored during the GTA cladding. As DC welding
was used, the welding power (P) was calculated according to equation (6-1).
To plot all observed single bead trials the instantaneous average of the
recording was taken and each electrode angle is shown against the shielding
gas type. In figure 6-7, the readings are summarised to give an overview of the
process parameters of cladding with WC powder.
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Figure 6-7: Process parameter readings for the single bead cladding trials for
increasing He in Ar shielding gas and increasing electrode angle (y); a) voltage

(V) to shielding gas; b) voltage (V) to electrode angle ¢) Power (W) to shielding
gas; d) Power (W) to electrode angle

It can be understood from the reading of the current and WFS, that the input of |
= 200 A and WFS = 1.5 m/min was not obtained during the real process. The
set values and the measured values are very close with lower WFS of
approximately 0.2 m/min and increased current of approximately 4 A. As the
change is constant over the whole experiment, the results are still comparable.
Changing of the electrode angles (y = 34°, y = 57° and y = 98°) exhibits
decreasing voltage resulting in decreasing power (see figure 6-7 b and d).
Conversely, the shielding gas significantly influences the voltage. The welding
machine and the wire feeder maintain the current and the WFS independently

of the shielding gas and keep both stable. Thus figure 6-7 a) confirms rises in
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the voltage with decreasing Ar content. This result from the higher ionising
potential of He compared to Ar. Pure helium showed escalations in the range
from 43.3 % to 47.6 % (to pure Ar) in voltage.

This increase in the voltage gives a power increase due to the use of He and/or
the use of a lower electrode angle. Figure 6-7 a) confirms a “hotter” arc is
generated with He in WC ceramic MMC trials with a GTAW process. Power
increased by about 29.7 % to 31.2 % with pure He in comparison to pure Ar.
On the other hand, 50 % He in Ar had only a low impact, with approximately 4.1

% power rise compared to pure Ar.

The lower the electrode angle the higher is the power. The increase of power is
between 10.2 % - 12.8 %. However, the electrode angle has a smaller
influence than the shielding gas.

In figure 6-6, it can be seen that this effect of power increase has a huge impact
on the cracking of the single beads. Figure 6-6 c) has many cracks due to the
changes in the welding power, so the WC powder inclusion must be analysed to

understand the mechanisms of the cracking.

6.2.2 Influence on the single bead dimensions

Previously it was shown that the shielding gas has a major influence on the arc
power. The electrode angle on the other hand does not influence the power
significantly. However, the power density is controlled by the electrode angle.

To measure the influence of the electrode angle on the weld pool, crossections
were made in the transverse direction of the single cladding beads. The
schematic drawing in figure 6-8 illustrates the geometric features that were
measured. The width of the heat affected zone (HAZ) was measured as an
indicator of the heat input to the base material. In comparison to the HAZ width,
the bead width indicates the heat conduction into the base material and

therefore loss of welding energy into the base material.
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Figure 6-8: Schematic of transverse cross section and dimensioning; a) total
molten area; b) layer area (dark yellow) and penetration area; c) porosity and

cavities; d) cracks (yellow)

Whereby:

QO particle u — undercut

@ particle with pore lh — layer height

o ' pore, cavity p — penetration
crack cl — crack length

The layer height, total height and penetration measurements are established for
future cladding layer height optimisation. The depth of penetration is necessary
for the evaluation of the aspect ratio, with the following formula:

penetration (6-2)

aspect ratio = ————
p bead width

Any undercut could disturb cladding trials due to overlapping of the existing
clad. Bead-on-plate weld beads are usually characterised by their aspect ratio
and dilution. Where, the dilution is a ratio between the penetration area and the
total molten area. To establish the total molten area, either direct measurement

or adding up of the penetration and layer areas was used, as follows:

94



total molten area = penetration area + layer area (6-3)

Whereby the dilution is determined as follows:

penetration area (6-4)

dilution =
total molten area

If cracking appeared, the crack length of the longest crack was measured as a

straight line between the farthest ends.

The cross section sample preparation is described in Appendix G. Additionally,
the light microscope tolerances are given in section G.2 and the single weld

bead analysis method is detailed in section G.3.

Figure 6-9 presents the results of the bead-on-plate single bead dimensions for

different shielding gas and the electrode angles y = 34°, y = 57° and y = 98°.
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Figure 6-9: Single bead dimensions measured on the microsection for trials with
y = 34°, y=57° and y = 98° electrode angle and increasing He in Ar shielding gas;

a) HAZ width; b) bead width; c) penetration area; d) total molten area; e) aspect
ratio; f) dilution
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From figure 6-9 it can be seen that with increasing He percentage all factors
(HAZ width, bead width, penetration area, total melted area, aspect ratio and
dilution) of the single bead are increased. This is commensurate with power
increase as observed in figure 6-7 c).

It can also be seen that the smaller electrode angle gives greater values for
these factors except for the aspect ratio. The aspect ratio does not increase
because the penetration does not increase as much as the width. These results
are also expected due to the increase in arc power with increasing electrode
angle (see figure 6-7 d)). Itis clear that the smaller electrode angle gives higher
HAZ width, bead width and especially penetration area — this adds to the

increase measured due to the He percentage.

It is to mention that low porosity was found with the largest total area of 0.151
mm? measured. The undercut was minimal with 146 pm measured as the

maximum value.

6.2.3 Effects in the WC powder addition and retrieval

All single bead seams were made in PA position (see figure 3-2). The WC
powder was fed at 15 g/min in the bead-on-plate trials. For simpler calculation
purposes, the WC feed rate was converted into a WC deposition rate per unit

length, as follows:

PFR (6-5)
TS x 1000

WCpa =
Where:
WCpa — WC powder addition (deposition per unit length) in g/mm
PFR — Powder feeding rate in g/min

TS — Travel speed in m/min

Unlike wire feeding, powder feeding results in a loss of material in MMC in-situ

processes. Therefore from the feed rate (WCpa = 0.05 g/mm), the amount of
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WC reinforcement cannot be calculated directly. A loss of powder must be

included. The following parameters were introduced:
lop - loss of WC powder (in g/mm)
ppu - WC powder pick-up (in g/mm)

Following the observation of WC powder feeding, the above parameter results

in this formula:
WCpa = lop + ppu (6-6)

At this point, WC powder pick-up by the weld metal can be straight forward. For
most MMC studies, equation (6-5) is used to examine ceramic reinforcement
[112]-[114]. It was measured from the microsection as the particles are clearly
visible. However, as explained in section 4.2.2 in chapter 4 W,C decomposes
at about 1300°C (Table 4-6) into W and WC. W-C, also known as B-WC,
dissociates as illustrated in figure 4-8 b), at 33 at% C from 1280 °C upwards.
The low carbon mild steel has a melting temperature of about 1500 °C. It is,
therefore, unknown how much W,C and WC is in a particle and the relevance of
dissociation. Therefore further analysis is necessary. To establish the powder
pick-up, an assumption was made that W reprecipitated in the weld pool to WC

and is in the matrix. As a result the following formula can be added:

ppu = WCpt + WCrm (6-7)

Where:
WCpt — WC particles (in g/mm) reinforcement
WCrm — WC reprecipitated in matrix (in g/mm)

Measurement of the particle area in the microsection was used to calculate WC

reinforcement. A simple formula gives the reinforcement:

particle area (6-8)
x 100 [%]

WC reinforcement =
total melted area
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During the measurement, pores in the particles were found and measured as

well. These areas were subtracted from the WC patrticle areas.

The focus, therefore, was on the total WC powder pick-up (ppu). In this
chapter, a reverse path technique was used to establish this number. Analysis
of dissolved WC in the matrix was performed by Energy-Dispersive X-ray
Spectroscopy (EDX, EDS) using the Scanning Electron Microscope (SEM).
The equipment is detailed in Appendix H. For the establishment of WC in the
matrix, the full matrix could not be analysed as there are simply too many
particles in the way. Therefore a point to point analysis of 18 points was
chosen. Average values were taken for calculation. The carbon content is
difficult to measure as carbon can come easily onto the sample surface by
contamination. Thus the W content was measured and the WC content

calculated as follows:

amount of WC formed from 1mol W (6-9)
_atomic weight of W + atomic weight of C

atomic weight of W

followed by
amount of WC formed from W (6-10)
= amount of WC formed from 1mol W
X W from analysis
whereby
matrix area = total melted area — porosity in matrix (6-11)
— particle area
merged to

Matrix area * Amount of WC formed from W (6-12)

WC in matrix [%] = 100

99



The results give a valuable overview of the role of matrix material in WC
ceramic MMCs with mild steel or a high strength steel matrix. Figure 6-10
shows the results measured for the different electrode angles and shielding
gases. In figure 6-10 a), it can be seen that the particle retrieval is not
dependent on the shielding gas. The reduction of particle retrieval with a large
electrode angle (y = 98°) can be considered as within the experimental errors

and not significant.
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Figure 6-10: WC powder pick-up; a) particle area in microsection; b) pore rate in
matrix; ¢c) WC reinforcement as a percentage of the particle area to the matrix

area; d) WC dissolved in the matrix (WCrm) measured with EDX analysis

Pores in the WC particles cannot be considered as reinforcement. For a wear
resistant layer, pores could eventually be a weakness. It was confirmed by the
supplier that the pores in the WC are formed by the WC production process [2].
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Porosity resulting from entrapped gases in the matrix was measured and the
result is plotted in figure 6-10 b). It can be seen that the porosity increases with
increasing He content in the shielding gas. However, the scale of the porosity is
very small and a variation between 0.08 % (y = 34° and 50/50 Ar/He) and 0.80

% (y = 34° and 100 % He) pore rate in the matrix area is not much.

Generally, the total pore rate had a maximum of 0.81 % area fraction (y = 34°
and 100 % He). In the literature, one example with bead-on-plate welds was
found with porosity values as high as 5.5 vol% and 3.0 vol% for Ar and He

shielding gas, respectively [115].

The number of WC particles retained is low. A maximum of 10.9 % WC
reinforcement (in the matrix area), with Ar as shielding gas and electrode angle
at y = 57°, is shown in figure 6-10 c). Helium reduces the WC reinforcement
further. Conversely, the tests with different electrode angles come closer and,
therefore, the effect of the electrode angle becomes smaller with He.

The most significant result is shown in figure 6-10 d). A very high portion of the
matrix contains reprecipitated WC. A maximum of 35.6 % WC was found (Ar, vy
= 57°). Ar shielding gas demonstrates the highest amount of WC for all three
electrode angles. Mixing He into the shielding gas reduces the dissociation, but
the values even with pure He are still high. Minor changes can be seen
between the electrode angles, as the y = 98° angle gives a lower dissociation

with Ar shielding gas.

To compare the WC content retained both as particles and in the matrix, the

measurement was calculated into a uniform unit.
For the retained WC patrticles (in g/mm), the following equation was used:

WCpt = (particle area — porosity in particles ) X density of WC (6-13)

For the reprecipitated WC particles in the matrix (in g/mm), the following

equation was used:
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WCrm = WC in matrix X density of WC (6-14)

The result is shown in figure 6-11.
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Figure 6-11: WC powder addition; a) WC particles retained; b) WC content in

matrix

In figure 6-11 a) and b), it can be seen that the concentration of WC per unit
length is so different between both the WC particles and the WC content in the
matrix that they need to be illustrated on different scales. It was shown that the
dissociation effect of W,C has a big influence on the matrix of the MMC. In fact
the WC particles were less than the dissolved WC in the matrix. Figure 6-11 a)
confirms that, when Ar is used the WC retrieval depends on the electrode angle

which is not the case when He is used.

A different picture is drawn by looking at the dissolved WC in figure 6-11 b).
Here it is clear that the He has a significant effect to promote dissociation. All
electrode angles demonstrate a rise in WC in the matrix. This is due to a higher
arc power when He is used (see figure 6-7 c)). The electrode angle of y = 98°
expresses the lowest dissociation values. This is the case even though the
power density is higher than with low electrode angels, as illustrated in figure

6-3. Itis a result of the lower arc power (see figure 6-7 d)).

From figure 6-11 it can be seen that the WC particle retrieval goes down and

the WC in the matrix goes up with increasing He shielding gas. This is because
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of the increased power and weld bead symmetry. This means that the metal is

liquid for longer, which dissolves more WC particles.

The WC is most likely in different structures from WC or W,C. These structures
were built up as the steel matrix was cooling down from the liquid during the
dissociation and reprecipitation of W,C or WC and W. Physical and chemical
reactions with Fe cannot be excluded. Further analysis is given in a cladding

area with overlaps in chapter 7.3.

The process efficiency of WC powder pick-up can now be measured by the sum
of the WC content in the matrix and the retained WC particles. For this the
powder addition with 0.05 g/mm (PFR = 15 g/min) was set at 100 %. The
outcome is displayed in figure 6-12.
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Figure 6-12: WC powder pick-up efficiency, 0.05 g/mm was the powder addition
and is set at 100 %

In terms of total absorbed WC, the performance of the GTA cladding process is
at its best with 100 % Ar and an electrode angle of y = 57°. However, every trial
with y = 57° and y = 34° has an efficiency of above 70 %. Trials with y = 98°
indicate a better efficiency with He than with Ar. In summation, He is a
shielding gas of greater tolerance. However, it allows less WC particle

capturing.
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6.2.4 Influence of the solution of WC on the matrix hardness

Microstructures with different chemical composition and phase mixtures alter
the mechanical properties. The previous section showed a significant increase
of dissolved WC in the matrix of a weld bead with WC powder feeding amount.
Hardness measurement was carried out to determine the performance of this
mixture to the mild steel wire and the high strength steel base plate.
Microhardness testing, according to Vickers, was decided to be the best method
(instead of the also available testing methods like macro HV, macro HB or Leeb
rebound). Here the indenter can be used on the matrix while avoiding the
embedded particles. Further details about the machine used are in Appendix |

and the tolerance measurement is in section I.1. Results are presented in the

figure below.
Ar (%)
100 50 0
800 | | |
750$
S 700 -
=
= v
® 650 :
§>°a e
[¥]
E @®56.94
5 220 1 97.51
£
500 ; .
0 50 100
He (%)

Figure 6-13: Hardness Vickers of the matrix material of single bead trials on the

dependency of the shielding gas and electrode angle

In figure 6-13, it can be seen that the average hardness of the matrix of single
bead trials with WC powder is between 606HV0.2 and 756HV0.2.

The steel had only approximately 346HV — 393HV (converted after ASTM E 140
— 02 [116] from 330 - 375 HBW 10/3000, value of G-22 NiMoCr 5 6 steel in
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table 4-5). The dissolved WC increased the matrix hardness by about 260HV —
363HV. This improvement comes from the perspective of the WC content
rather than the different process parameters. A unique specimen analysis
would give a clearer understanding of the necessary amount of WC needed to

increase the hardness considerably.
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Figure 6-14: Average hardness Vickers of the matrix material of single bead trials

on the dependency of the WC content; unique specimen analysis

All samples in figure 6-14 are ordered by the amount of WC found in the matrix
(from 0.0176 g/min at 659HV0.2 to 0.389 g/min at 664HV0.2). The hardness of
the matrix remained between 606HV0.2 and 771HV0.2 in the full range of WC
retrieval. For comparison: The WC powder addition was at a deposition rate of
0.05 g/mm (PFR = 15 g/min). As a result no correlation between WC content in
the matrix and hardness was found. This can be from either local varieties or a
matrix saturated with WC. A hardness line test of the crossection will identify
local varieties. Therefore, all specimens were plotted in figure 6-15. It can be
seen that the hardness of the clad reduces toward the weld base. A significant
reduction is shown in the HAZ. The base has a further decrease in hardness

towards the core.

105



@100%Ar3a-

B100% Ar57°

A 100%Arog-

@50 % Ar50% He 34°

hardness Vickers (HV0.2)

50 % Ar50% He 57°
400 . - N
200 T 78 50 % Ar50% He 98°
-— H
200 100 % He 34°
100 B100 % He 57°
0 ©100 % He 78°
0 1 2 3 4 5 6

distance from surface (mm) 100 % He 98~

Figure 6-15: Hardness Vickers line test of the crossection of the matrix material;
0 mm distance is the first indentation under the surface of the clad; at 2.5 mm
starts the HAZ

As shown in figure 6-15 in the area between 0 mm and 1.5 mm distance, local
varieties of the hardness occur. The hardness of all trials shows a difference of
334HV0.2 at 0.5 mm distance and the average does not show all these peaks.
This shows that local varieties have an influence on the hardness and a deeper
analysis of the dependency of hardness and WC in matrix is recommended in

future applications.

6.2.5 Appearance of cracking

Cracks, depending upon their orientation, can cause serious weakening of WC
ceramic MMC clad layers used in wear or abrasion resistance surfaces. Cracks
from the GTA process could become larger with post-processing or in service.
Fatigue cracks usually generate in service into the bulk material if the HAZ is
affected. The contrast between the hard surface and the tougher bulk material
could stop cracking when no previous damage to the HAZ happened [117].
Cracks were counted in the single bead microsections and the longest crack
length was measured. If one single crack in any sample of a process
configuration appeared to be in the HAZ, the process configuration was marked

with a “*”. A control sample without powder feeding was used to look at the
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cracking behaviour of a standard GTA weld bead. The control sample was
made under the following conditions: Ar shielding gas, y = 57° electrode angle,
no WC powder feed, Ar transport gas switched off and all other parameters kept

as mentioned in section 6.1.

The measurement revealed the results illustrated in figure 6-16.
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Figure 6-16: Observed cracking in single bead trials separated in all process
parameters chosen; control is without WC powder; “*” is for minimum one crack
proceeded into the HAZ

The base material with a carbon equivalent substantially more than 0.3 (G-22
NiMoCr 5 6 steel has 1.007), cracks are likely to appear. Only one short crack
was found in the control sample. The additional carbon from the WC
dissociation and the formation of hard structures in the matrix made cracking

107



more likely when WC powder was fed. The low carbon high strength steel wire
G89 6 M Mn4Ni2CrMo tends to compensate as much as it can, however, the
carbon coming from the WC particles is significantly higher than that of the
matrix. Significantly, all samples made with He have cracks which went into the
HAZ. For the future usage of non-destructive testing, it is to say that almost all
cracks in the samples made with 100 % He were under the surface, whereas
the samples with Ar and Ar/He shielding gas had cracks reaching the surface.
Dye-penetrant testing would be difficult to use on trails made with 100 % He.

Differences in the electrode angle do not show any influence on the cracking.

The length of the cracks increased with He content commensurate with
increasing power input (see figure 6-7 c)). This is probably caused by the
increasing aspect ratio increasing the stress level during cooling [118]. In
addition the cracks are located in the HAZ rather than the surface. This is also
likely caused by the changing shape of the weld bead, especially the deeper

penetration.

6.3 WC powder addition as an influence on WC single bead
trials
The consequences of a modification in the WC powder addition are discussed

here.

Based on previous experience (see section 6.2), a decision was made to keep
the shielding gas as argon and the electrode angle at y = 57°. This will ensure a

low cracking and gives a probability of higher WC patrticle retrieval.

To establish the impact of WC on the GTAW single beads, smaller steps of
addition increase were chosen in the low to medium region and large steps
towards higher WC powder feeding. Feed rates as listed in table 6-2 were

selected.
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Table 6-2: Comparison between key WC powder feed rates and WC deposition

rates
WC feed rate deposition rate
g/min g/mm
0 0
5 0.01667
10 0.03333
15 0.05000
20 0.06667
25 0.08333
40 0.13333
60 0.20000
80 0.26667
100 0.33333

The GTAW process was set up under the configurations described in section

6.1 and were kept constant despite the increase in material addition.

6.3.1 Influence of increasing WC powder addition and its retrieval on
the single bead dimensions

As shown in figure 6-17, increasing the WC powder addition exhibited a very
stable process up to 20 g/min. Only the microstructures revealed some
uncertainties in higher feeding rates. This was not able to be seen on the
process stability (such as fume or arc wandering). The effect on the particle
area in the single beads is illustrated in figure 6-17 a). To normalise the
measurements, the WC reinforcement was calculated after equation (6-8) and
displayed in figure 6-17 b).
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Figure 6-17: Results of increasing WC powder addition; a) WC particle area
(mm?) in dependency of the powder addition; b) WC reinforcement (%) to the
powder addition; scaled in the WC PFR (g/min) and WC powder deposition rate
(9/mm)

From figure 6-17, it can be understood that the total matrix area (see equation
(6-8)) has very little effect on the WC reinforcement which is the reason for the
identical trends of figure 6-17 a) and figure 6-17 b). WC particle retrieval
increases initially linearly but then saturates at about 40 g/min. There are some

outliers which were ignored.

Increased WC powder feeding rate cools the weld pool and makes it shorter.
The powder feeder position was kept constant so the temperature of the liquid
weld pool, where powder was being fed, was lower. The result is, although

more powder is fed in, the amount entering the weld pool does not increase.

Single bead dimensions are usually more dependent on the WC embedding
than WC addition. A covering of loose powder could have an effect. However,
the WC influence on single bead dimensions can be better understood by a
comparison with WC reinforcement. Figure 6-18 shows the major findings.
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Figure 6-18: Single bead dimensions in dependency on the WC reinforcement
(%); a) the HAZ and bead width (mm); b) penetration area, layer area and total
area (mm?); ¢) aspect ratio and dilution (-)

The HAZ and weld bead width in figure 6-18 a) are independent of WC
reinforcement. However, the difference between the bead width and the HAZ
width gives an impression of the influence of the GTAW process on the non-
molten base material. Larger differences indicate lower cooling rates of the
base material as microstructure changed after welding. The measured values
had an average difference of 3.16 mm. With the areas changing in figure 6-18
b) and the bead width relatively stable (Figure 6-18 a)), it consequently
discloses major effects in the layer height and/or penetration. Increasing WC
reinforcements result in increasing layer areas. In contrast, the penetration
area becomes smaller. The fact that the total molten area expands when the

penetration area decreases shows WC reinforcement (Figure 6-18 b)) is
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particularly located in the clad layer. This proves clearly an enlarging bead with
lower penetration area, if more particles are retained. The dilution dramatically
falls with increasing WC reinforcement. Figure 6-18 c) makes it clear that the
changes in figure 6-18 b) in penetration area and total molten area significantly
influence the dilution with equation (6-4). The aspect ratio in figure 6-18 c)
confirms the comparison of the bead width (Figure 6-18 a)) and the areas in
figure 6-18 b). Minimal declines can be seen in the aspect ratio with increasing
WC reinforcement, thus the penetration depth reduces slightly (see equation

(6-2)).

What is important to mention is that all bead-on-plate welds shows extremely
good profile with a maximum undercut of 197 um and a maximum total porosity
of 0.050 mm?. Thus a very good starting point for overlaps with a dense weld

bead is achieved.

If the WC powder addition (WCpa) is broken down into the WC retrieval of
added powder (ppu) and WC powder loss (lop), the WC retrieval (ppu) can be
further broken down to WC particles (WCpt) and dissolved WC content in the
matrix (WCrm). The result is illustrated in figure 6-19. Nevertheless, the WC
loss does not need to be plotted as it is the difference between the WC powder
addition and WC retained.
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Figure 6-19: WC content on the dependency of the WC addition. WC powder
retrieval (g/mm) is shown in total and split into WC in matrix (g/mm) and WC

particles (g/mm). WC addition scaled in WC powder feeding rate (g/min)

More and more WC powder feeding does not automatically result in a higher
WC retrieval in the weld bead. As seen in figure 6-19, increase in WC powder
retrieval reaches a plateau after PFR = 25 g/min powder feed rate (blue points)
and approximately ppu = 0.02 g/mm WC retrieval. From PFR = 25 g/min to the
end of testing with PFR = 100 g/min, the WC powder retrieval was stable
between about 0.02 g/mm to about 0.03 g/mm. The WC particle retrieval, which
makes the composite, and the WC content in the matrix followed the same
trend. The WC content in the matrix is constantly higher than the WC particle

retrieval.

The WC retrieval of added powder (ppu) and its trend can be explained by
introducing a powder capture efficiency (PCE). The following equation shows
the relationship:

_ bpu (6-15)

Whereby:
PCE — powder capture efficiency

ppu — WC retrieval of added powder
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PFR — powder feed rate

The PCE depends on the weld pool length because the powder feeding point is
fixed. Figure 6-20 shows schematic how the weld bead size changes with

powder feed rates changes.

PCE

> medium

b)

low

Figure 6-20: Changes in weld pool length and PCE; a) medium powder feed rate
makes medium weld pool length and PCE; b) high powder feed rate cools the
weld pool and the weld pool length shortens and PCE is low; c) low powder feed

rate increases the weld pool length and the PCE

More PFR with constant heat input is shortening the weld pool length because
of the cooling effect of the WC powder. This effect stabilises at about PFR = 40
g/min as shown in figure 6-19. No more WC powder gets into the single bead

with further increase of WC powder feeding.
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6.3.2 Matrix hardness on the dependency of WC absorption

A hardness test on the matrix of the WC ceramic MMCs in bead-on-plate welds
was performed to investigate the change of one mechanical property. The
normal load was 200 g, which gives the possibility of two to three indentations
from the surface to the HAZ on the microsection. The distance between the

indent centres was 0.5 mm.

Hardness test results of the single bead welds are displayed in figure 6-21.
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Figure 6-21: Hardness in HVO0.2 of the matrix; a) on the dependency of the WC
addition; b) on the dependency of the dissolved WC content in the matrix; BM:
base material hardness

For the comparison:

e Base material: measured average of 392HVO0.2; value in standard for
G-22 NiMoCr 5 6 steel: 346HV — 393HV (see section 6.2.4)

e Wire material: approximately 293HV — 368HV for G89 6 M Mn4Ni2CrMo
steel (value converted according to the standard DIN 50150:2000-10
from the Tensile strength of R, = 940 MPa — 1180 MPa, see table 4-5.)

e Reinforcement ceramic: 2498HV - 2875HV for WC powder (see table
4-6)

The matrix hardness of the weld bead without WC powder has increased from
that of the base material and the wire material. The increase in hardness to the

base is likely to have come from a hardening process during welding. Figure
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6-21 a) shows that the hardness increases as more WC powder is added up to
about 25 g/min. A closer look on the hardness in figure 6-21 b) shows an
improvement with enhanced WC content in the matrix. As the amount of
dissolved WC increases the hardness also increases up to about 700HVO0.2
compared to the average of 392 HVO0.2 for the base material. Only a small
increase in hardness was observed as the limit of dissolved WC was reached.
This is because under the constant heat input conditions used the powder
capture dropped at high powder feed rates due to the likely cooling of the weld
bead.

6.3.3 Appearance of cracking

A few cracks were observed. The amount of cracks per single bead clad and
the short maximum length confirmed the assumption made in section 6.2.5 that
Ar shielding gas helps to reduce cracking. Nevertheless, any crack is bad for
the wear resistance, as described in section 6.2.5. The number of cracks was
counted and the longest crack length was measured. The results are presented

in figure 6-22 below.
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Figure 6-22: Observed cracking in single bead trials separated by WC powder
feeding rate; control is without WC powder; “*” is for minimum one crack

proceeded into the HAZ; Number of cracks at “0.1”: No cracks found in sample.

A crack was observed going into the HAZ only in the samples clad with 40

g/min.

Here, the control samples had twice as many cracks which were up to five times
longer than those mentioned in section 6.2.5. The fact is that the base material
has a high hardness (see sections 6.2.4 and 6.3.2) and high carbon equivalent
(see chapter 4.2.1) and, therefore is prone to cracking during welding. Cracking
was shown in both sections for the control samples (PFR = 0 g/min). When
measuring cracks using crossections there will be a statistical variation due to

random distribution of cracks. This may explain why cracks are observed in this
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control sample. Further analysis of cracking is in chapter 7 section 7.4.2 on

overlap welds.

Good results are shown with the use of WC powder. Despite the high number
of samples only seven cracks were found (Two weld beads for each powder
feeding rate). The longest crack for samples with WC powder feeding is just 1.8
mm long (PFR = 60 g/min).

6.4 Summary

In this chapter, the effect of shielding gas, electrode angle and WC powder
deposition rate were studied regarding WC particle retrieval, WC content in the

matrix, WC powder pick-up, hardness of the matrix and cracking.

It was observed that helium clearly increases the welding voltage for the same
process configurations compared to argon. Therefore the welding power
increases significantly by about 1300 W which is an increase of about 30 %

compared to Ar.

The single bead dimensions correlate with the change of power. As the
electrode angle decreases the power increases by about 10 %. These are
corresponding to the changes in the weld bead profile.

A maximum WC reinforcement with Ar as the shielding gas is shown in figure
6-10 c). Helium reduces the WC reinforcement. A very high proportion of the
matrix is actually reprecipitated WC. Highs of 35.6 % WC were found (Ar, y =
57°). Ar shielding gas demonstrates the highest amount of WC for all three
electrode angles. Mixing He into the shielding gas minimises the dissociation of
WC.

It was shown that the dissociation effect of W,C has a big influence on the
matrix of the MMC. In fact, the amount of WC particles was less than the
dissolved WC in the matrix. In many ceramic MMC'’s (e.g. Al-Si,, [36]), a volume

fraction of ceramic can easily be measured over the area fraction in the
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microsection. WC MMCs in steel, however, have a significant dissociation of
WC which must be included.

Matrix hardness improved significantly with a very low amount of dissolved WC
and was stable in the range between 606HV0.2 and 771HV0.2. Therefore a

dependency of the shielding gas and the electrode angle could not be seen.

Samples made with He or 50/50 Ar/He have more and longer cracks. It was
found that many samples had cracks going into the HAZ. This is particularly
bad for the use of the product later on.

In summary, a major role in cracking can be concluded from the use or mixing
of He. This increase in number of cracks and their increased length is probably
the result of the intensification of the welding power. More power generates a
longer weld bead, thus the huge volume of the bulk material creates a quicker
cooling rate. Dust made from the fume gives a lower cooling on the surface
area. Higher stress in the samples made with He than with Ar is generated by
the change in weld bead shape. Produced stresses release shortly after the
cladding trial and build cracks which explain why the cracks are all close to the

HAZ and not at the surface.

Intensifying WC reinforcement causes a decreased penetration area and a
larger total molten area. This fact is particularly good for cladding. An enlarged
bead with lower penetration area is achieved, if more particles are retained.
The dilution dramatically falls with increasing WC reinforcement. Changes in
the penetration area and total molten area influence the dilution significantly.
Minimal declines can be seen in the aspect ratio with increasing WC

reinforcement.

An increase in WC powder retrieval is almost linear until PFR = 25 g/min up to
approximately ppu = 0.02 g/mm WC retrieval. From PFR = 25 g/min to the end
of testing with PFR = 100 g/min, the WC powder retrieval was fluctuating in a
range of about 0.02 g/mm to 0.03 g/mm. The WC particle retrieval, which

makes the composite, and the WC content in the matrix are following the same
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trend. The weld bead is saturated with WC at about PFR = 25 g/min. The WC

content in the matrix is constantly higher than the WC particle retrieval.

The hardness growth in the matrix is relatively constant from 458HV0.2 (PFR =
5 g/min) to 539HV0.2 and stabilises in the area of 539HV0.2 (PFR = 25 g/min)
to 775HV0.2 (PFR = 100 g/min).

As seen in figure 6-22, even with increasing powder feed rate, the use of
pureshield Argon shielding gas gives a low number of cracking and the crack
length is relatively short.

6.5 Conclusions

The following conclusions can be drawn from the objectives set:

e The amount of WC reinforcement as particles increases with increasing
powder feed rate until saturation of the weld bead at about 25 g/min.
This is shown due to reduced WC powder particle pick up efficiency.

e It was observed that a significant dissolution of some of the particles
happens during cladding. These are then reprecipitated in the matrix.
This significantly increases the hardness of the matrix.

e Cracking was more extensive with He, probably due to higher heat input
leading to high cooling rates and also the change in weld bead shape.
This effect also probably explains why the cracks are located in the HAZ

and lower part of the bead for the clad layers made with He.

Argon shielding gas was selected for further cladding trials as this provides the
lowest occurrence of cracking in the single bead trials. Experiments on overlap

clads are described and analysed in chapter 7 following.
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7 Effect of GTA process on the MMC layer structure

Only single bead cladding trials were scrutinised in the last chapter. Multi bead
layers are examined in this chapter. These cladding layers in overlap are
required to cover full wear surfaces of a brake disc.

e This chapter is to study and understand the effect of the GTAW process
on the WC ceramic and matrix of the layer.

e The dimensions of the layers are compared for different feeding rates.

e The microstructure shows the effects of distributed and reprecipitated
WC in the matrix.

7.1 GTAW process set-up for MMC layer cladding

The principal set-up of the GTAW process is identical to that shown in chapter
6.1, to maintain the same process conditions. Therefore, the base material is
G-22 NiMoCr 5 6 steel and the wire material is G89 6 M Mn4Ni2CrMo steel.
The welding parameters, powder feeding parameters and nozzle angles can be
seen in table 6-1 of chapter 6.1. The error bars are calculated with the formula
shown in Appendix F. As shown in figure 7-1 the base materials for the MMC

cladding layers are sections of railway brake discs.
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Figure 7-1: Principal of GTA overlap cladding; a) Clamping system and torch; b)
Layer clad on a plate; 1: base material (section of a railway brake disc); 2:
cladding layer (approximately 100 mm x 130 mm coverage); 3: clamping system;
4: TIG welding torch; 5: powder feeder nozzle; 6: wire feeder nozzle; red arrow:

welding direction

This gives a cladding area of approximately 130 mm x 100 mm. The GTA
welding torch drives along the longer distance of the section, as in the single
bead trials in chapter 6. The clamping system ensured a levelled and secured

work piece.

Figure 7-2: Clad layer on railway brake disc section (axel mounted); a) GTA
cladding with PFR = 0g/min or 0 g/mm; GTA WC cladding with PFR =25 g/min or

0.0833 g/mm deposition rate; 1: Cladding layer; 2: brake disc wear surface; 3:

brake disc cooling vanes; 4: lower brake disc wear side; red arrow: welding

direction

122



Figure 7-2 gives an overview of the clad brake disc sections. The cooling vanes
of the brake disc are seen here. The type of cooling vane depends on whether
the brake disc is wheel-mounted or axle-mounted. Type and shape of the
cooling vanes can be important for different heat sinks in the braking service
[119]-[121]. This might have an effect on the welding trials as well. The
sections were chosen in a big enough size to ensure sufficient material could be

deposited.

7.2 Influence of the GTAW process parameters

The main focus of the cladding process was on the powder deposition and the
response on its change. The overlap was set at 50 % of the single bead width.
Nevertheless, with increasing powder feeding rate (PFR) the bead width will
increase. To maintain the overlap at a constant level, the bead width of the first
bead was measured at three different positions and half of the average value

was used as an off-set. The off-sets are shown in figure 7-3.
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Figure 7-3: Off-set of overlap distances to maintain 50 % overlap
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The off-set values show that there is no effect on bead width with powder
feeding rates above 25 g/min. The clad surface is shown in table 7-1 and more

detailed in Figure_apx J-1 to Figure_apx J-10 of Appendix J.

Table 7-1. Surface of the clad trials with increasing WC powder feed rate;

detailed figures are in Appendix J

Powder feed rate Comment Surface

g/min - -

flat and smooth
0 surface; colours

from scales

slightly rougher
5 surface than with O
PFR

rough but flat
10
surface
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Powder feed rate Comment Surface
g/min - -

check cracking

15 (yellow arrows); flat
surface
intensive check
cracking at the
beginnin of the

20 g g |
layer; surface is
rough and increases
in waviness
rough surface with PSS

25 AN N TN MG Sy

high waviness AR R R

N TTER DAY 4 W ARG A
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Powder feed rate Comment Surface

g/min - -

high waviness of T T
surface; patches of
unbonded

40 _
segregation of WC
powder (as seen in

1)

rough surface with
high waviness; WC
60 particle
agglomerates come
out of the layer side

wC particle
80 agglomerates come
out of the layer side

(as seenin 2)

very wavy surface
with  saw  teeth
100 _
structure (as seen in

3)

The increasing powder feed rate caused:

e Increased waviness of the beads

e Increased agglomeration of WC powder next to the cladding bead
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¢ Increased surface cracking
¢ Initial increase in width up to 25 g/min and then increase in layer height

due to the agglomeration of powder on the top.

It can be seen that the surface of cladding trials with PFR = 0 g/min (wire only)
are flat and smooth (Table 7-1 image 0 PFR and Figure_apx J-1). Some
colours appear from the building up of scales. As soon as the first WC powder
was fed, the scales disappear and a slightly rougher surface develops (Table
7-1 image 5 PFR and Figure_apx J-2). The waviness is still low. A further
increase in WC powder feeding with PFR = 10 g/min illustrates a still rough but

flat surface (Table 7-1 image 10 PFR and Figure_apx J-3).

Surface layers made with PFR = 15 g/min indicate first check cracking, as seen
in Figure_apx J-4 b), whereas the surface of the clad is still flat (Table 7-1
image 15 PFR). Further increase in WC powder feeding to 20 g/min (Table 7-1
image 20 PFR and Figure_apx J-5) shows a lot of cracking at the beginning
(Figure_apx J-5 b)), which is reduced towards the finish (Figure_apx J-5 c)) of
the cladding layer. These cracks are obviously caused by high lateral stresses
during the building up of the layer. These stresses build up in a 90° angle to the

overlap tracks. The surface is still rough but has also increased in waviness.

Surface cladding with PFR = 25 g/min indicates some colouration at the
beginning (Figure_apx J-6 a)). No cracks are visible. A rough surface with a
high waviness is generated. The high waviness continues with further
increasing of WC powder feeding rate to PFR = 40 g/min. Cracks were not
visible on the surface in Figure_apx J-7 a). The development of patches with
unbonded segregation of WC powder was a phenomenon only seen when the
PFR is increased to 40 g/min (Table 7-1 image 40 PFR and Figure_apx J-7 b)).
A plate clad with an additional increase in WC powder feeding to PFR = 60
g/min is shown in Table 7-1 (image 60 PFR) and in Figure_apx J-8. The rough
surface and high waviness of the clad shows no cracking. WC particle
agglomerates starts to come out of the cladding layer on side without supporting
cladding trial. This effect was more visible with the PFR = 80 g/min (Table 7-1
image 80 PFR and Figure_apx J-9).

127



Welding above the agglomerates magnified the waviness and roughness of the
surface. Nonetheless, no visible cracks appear. This effect is shown in the
extreme when PFR = 100 g/min was used (Table 7-1 image 100 PFR and
Figure_apx J-10). A WC powder feeding rate of 100 g/min resulted in a WC
powder bond in the configuration of saw teeth on the surface (Figure_apx J-10
b) 7 and figure 7-7 e)). Further analysis of all cladding trials in the
microstructure will show the embedding of WC; the results are given in section
7.3. The cracking on the microsection will be described in section 7.4.2 as well.

7.3 Microstructure analysis of the WC particle incorporation

Microsections were prepared to provide evidence of the embedding of WC
particles and the kind of bonding of WC to the matrix material. Furthermore, the
particle distribution and dissolved WC were measured. For this, the clad layer
thickness was divided into a peak cladding layer and a useful cladding layer
(see figure 7-5 and figure 7-6). The so-called total cladding layer is the layer
with peaks and valleys. However, a uniform braking condition requires a
relatively flat surface of consistent frictional response. Thus the cladding layer

without peaks and valleys can be seen as useful and is measured separately.

7.3.1 Sample cutting directions and microsection analysis definition

The sampling for microsections of the cladding trials is essential for a reliable
statistical analysis. Two plates were welded for each WC powder feeding rate.
Samples taken in transverse cross section are cutting through the overlapping
layers and, therefore, are preferred. Cross section samples longitudinal to the
cladding beads were made to obtain a 3-dimensional variation of the WC

distribution. The sampling areas are shown schematically in figure 7-4.
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first layer

-
overlapping direction _ welding direction

last layer

Figure 7-4: Schematic cladding trial in overlap, four microsections were made in

transverse cross section (diagonal pattern); two microsections were made
longitudinal at the finish of the trials (vertical pattern)

The microsection is schematically illustrated in figure 7-5 and figure 7-6.

-

layer height

-

Figure 7-5: Schematic representation of cross sections for micrographs. A

minimum of 3 and maximum of 5 layers were taken in the study; blue: peak layer
area; legend given below figure 7-6
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As seen figure 7-5, the peak layer area is measured out of the full cladding layer
height with peaks and valleys and in a length which stretches between three
and five overlaps. The layer height is measured at the minimum layer height
(see figure 7-5 lhmin), maximum layer height (see figure 7-5 Ihmax) and useful

layer height (see figure 7-6 Ihyse).

__’_____________...-6-——0 u\_-OT’-“"’O\'oﬁ—\__——u
(=] o [+)
useful Ryer area o ©
o
O© o° E ¢o o\ © o
o @

o

o Ke)
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Figure 7-6: Schematic representation of cross sections for micrographs. A
minimum of 3 and maximum of 5 layers were taken in the study; yellow: useful

layer area; legend below

Legend:
QO particle
@ particle with pore Ih — layer height

- ' pore, cavity

crack cl — crack length

The minimum layer height is the height between the highest heat affected zone
and the lowest point of the surface (see figure 7-5 lhmin), whereas, the maximum
layer height is the height between the deepest penetration point and the highest
peak (see figure 7-5 lhmax). The useful layer height is the vertical distance of a
rectangle that can be drawn within the clad layer boundaries (see figure 7-6

lhyse). It is worth mentioning that the useful layer area is defined by the
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maximum surface, which can be drawn rectangular into the peak layer area

(see figure 7-6). The upper line of the rectangle is the tangent of two lowest

points of the surface.

The following additional measurements were taken:

Cracks were counted,

the longest crack was measured,

all particles were measured by their area,

the pores in the particles were measured by their area and
porosity and cavities in the matrix area were measured separately by
their area.

These measurements were necessary to make the microsection analysis as

accurate as possible. Therefore, a standardised microsection preparation as

described in Appendix G was used. The tolerances of the light microscope are

in section G.2 and more details about the multi-layer analysis are given in

section G.4.

7.3.2 WC particle incorporation and its microstructure

The bonding of WC with the matrix will be an important factor in the wear

resistance of railway brake discs with a WC MMC cladding layer. Therefore, it

is vital to understand the bonding principle.
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.

Figure 7-7: Light microscope images of the WC cladding layer microsections; a)
Sample with PFR =5 g/min; b) Sample with PFR = 10 g/min; c) Sample with PFR =

20 g/min; d) Sample with PFR = 80 g/min; e) Sample with PFR = 100 g/min; yellow

arrows: selected cracks; black arrow: example for penetration difference

For this, samples with different powder feeding rates have been used to
examine the bonding structure between the matrix and the particles.
Additionally, the dissolved WC and new-build phases reprecipitated were

examined. As shown in figure 7-7, the WC particles are visible under the
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microscope in macroscopic inspection. The fusion zone between the HAZ and
layer matrix can also easily be seen. The samples were examined after
polishing and without any etching. Only water and isopropanol was used for
cleaning after polishing. The fusion zone, matrix and particles are visible
because of the very different hardness’s in the bulk material, matrix material
and WC particles. Materials with lower hardness are polished away more easily
than harder material. The layers with low WC powder feeding rates in figure 7-7
a) and b) with PFR =5 g/min and PFR = 10 g/min, respectively, show a smooth
surface. The cladding layer with PFR = 5 g/min also indicates a low penetration
variation of up to 246 um. The penetration variation (illustrated with the black
arrow in figure 7-7 c)) becomes significantly higher with PFR = 10 g/min and
PFR = 20 g/min of up to 1043 um. The surface is still smooth as seen in figure
7-7 c) and Figure_apx J-5. Only with figure 7-7 d), does it appear that the WC
particles are actually making the rough surface, as seen in Figure_apx J-9. The
cracks mentioned in sections 7.2 and 7.4.2 are seen in figure 7-7 c) and d)
(yellow arrows pointing at cracks). The very wavy surface of the WC cladding
layer with PFR = 100 g/min from Figure_apx J-10 b) marked with the number 7
is clearly seen in figure 7-7 e). Particles are segregated in a semi-fused
condition resulting in periodic projection resembling a saw tooth profile. That is
why the WC reinforcement is less in the useful area of cladding, as shown in
figure 7-12 a).

High resolution images using SEM microscopy show the particles embedded
within the matrix. Figure 7-8 a) shows the top of a cladding layer in the SEM
microscope. The white round shapes are the WC particles surrounded by the
matrix material. Some white long needles of the matrix can also be seen in this
image in the matrix. These are dissolved WC dissociated out of the particles
and built Fe-W-C phases. The boundary between the matrix and the HAZ is
shown in figure 7-8 b). Parts of the substrate material melted and diluted the
clad matrix. The dilution level was calculated from the area of the single bead

tracks shown in chapter 6 section 6.3.1.
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Figure 7-8: SEM images of selected WC cladding layers in the microsection; a)
low magnification image of the layer close to the surface; b) low magnification
image of the layer close to the HAZ; c¢) Image displaying some WC particles
within the matrix; d) Image of some WC particles embedded in the matrix with
the EDX spectrum 1 on a particle and 2 on the matrix

Further, higher magnification (Figure 7-8 c)) exhibits how the WC patrticles were
captured within the matrix material. Some WC particles were damaged during
the grinding; while others show smooth and flat profiles after polishing. The
matrix reveals irregular formation of Fe-W-C phases. To get an understanding
of the matrix and the patrticles, a chemical analysis with the EDX system was
done, as shown in figure 7-8 d). The area analysed on the particle is shown as
spectrum 1; the area analysed on the matrix is shown as spectrum 2.
Subsequently the analysis results are presented in table 7-2. WC particles
show high purity in the chemical analysis. Carbon was not analysed in the

EDX. Despite the heat input of the welding process the EDX analysis confirms
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99.35 wt% of W. The WC particles were not analysed in the EDX because of
the possibility of particles getting sucked into the vacuum pump of the SEM
microscope. Compared to the material certificate delivered with the WC
particles the Fe content (with 0.41 wt% Fe) is nearly twice as much as the
certified maximum. Figure L-13 in the Appendix shows the certificate with a
maximum of only 0.23 wt% Fe. Ni is not applicable according to the certificate
but was analysed with 0.24 wt% Ni. In contrast to the certificate, Ti and Ta
should have shown up with a maximum of 0.05 wt%. However, Ti and Ta were
not measured in Spectrum 1 of figure 7-8 d) as shown in table 7-2. All of this
could be the result of diffusion during the GTA cladding procedure or a result of

the cutting, grinding and polishing process of the microsection.
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Table 7-2: EDX spectra of the area in the microsection of figure 7-9 d); Spectrum

1: WC particle; Spectrum 2: matrix area

Spectrum Line Apparent . W1t% Atomic Standard
k Rat W19
1 Type  Concentration atio % Sigma % Label
K
Cr . 0 0 0 0 0 Cr
series
K
Mn . 0 0 0 0 0 Mn
series
Fe K 0.23 0.00229 0.41 0.25 1.33 Fe
series
Ni K 0.15 0.00145 0.24 0.32 0.75 Ni
series
W M 47.92 0.47918 99.35 0.41 97.92 W
series
Spectrum Line Apparent . 0 Wt%  Atomic Standard
2 Type  Concentration k Ratio W Sigma % Label
Cr K 0.39 0.00387 0.52 0.13 0.64 Cr
series
Mn K 0.61 0.0061 0.94 0.19 1.11 Mn
series
Fe K 51.76 0.5176 77.5 0.57 89.58 Fe
series
Ni K 1.05 0.01048 1.71 0.27 1.88 Ni
series
w M 7.68 0.07685 19.32 0.51 6.78 W
series

Spectrum 2 represents the matrix with an iron content of 77.5 wt% and 19.32
wt% W. Some accompanying elements of Cr, Mn and Ni come from the wire
and base material. Nonetheless, the high W content provides evidence of the
dissociation effect of WC. It is necessary to remember that the particles are
formed of WC and W-,C, and that W-,C is reactive with iron. A selective analysis
with higher magnification of the W content will illustrate the W distribution in the
cladding layer. Figure 7-9 exposes the area captured with higher magnification.
The chemical analysis areas are pointed out by rectangular shapes or crosses
in figure 7-9.
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Figure 7-9: High magnification SEM images of matrix material surrounding a WC
particle with EDX analysis

Tungsten values illustrate a significant dissociation of WC during the cladding
process as the weight per cent of W is constantly above 10 wt% W in the
matrix. The numbers of W variations are shown in table 7-3.
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Table 7-3: W content of the EDX analysis made of figure 7-9; Distance measured

between the middle of the spectra to spectrum No. 1

Spectrum
No. - 1 2 3 4 5 6

Distance | pm 0 16 30 33 41 49

W wt% | 98.99 | 17.07 | 34.48 | 15.61 | 14.9 | 14.08
Spectrum
No. - 7 8 9 10

Distance | pm 22 48 11 9

\W wt% | 17.34 | 14.35 | 17.59 | 48.51

All W contents measured in the EDX analysis of figure 7-9 in table 7-3 are
above 14 wt% W. Therefore, it is certain that WC gets in to solution in the
matrix. The W content of the brake disc base material and the wire matrix
material is not mentioned in the material certificate (see table 4-4 of section
4.2.1 in chapter 4). The spectra ordered in the distance to the WC particle are

shown in figure 7-10.
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distance (pm)

Figure 7-10: W content in wt% of spectra 1 to 10 of figure 7-9 and table 7-3

ordered in the distance to the WC particle (middle of spectrum 1)
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The W content reduces at the boundary of the particle dramatically from 48.51
wt% W to 17.59 wt% W. Regardless of the white and the dark phases, the W
content in the matrix stays between 14.08 wt% W and 17.59 wt% W with one
outlayer. A detailed microstructure analysis will bring a picture of the Fe-W-C
phases and structures in section 7.3.3 below. It becomes interesting to see in
what phases this WC appears from the perspective of the wear resistance.

Phase analysis was taken up by EBSD analysis.

7.3.3 Detailed microstructure characteristics of the WC MMC matrix

At this point, the focus is on the microstructure of the matrix of the WC cladding
layer in overlap. It was shown that WC patrticles partially dissolve in the Fe
matrix during GTA cladding. However, it is still not clear which structure the W
and C builds up in the matrix during solidification and cooling down. Thus an
Electron backscatter diffraction (EBSD) scan is done at selected points. The
EBSD detector calibration is explained in Appendix H section H.1. A
preparation of a microsection sample was done by ion-beam sputtering. Before
any EBSD scan could happen, the Densities of Electronic States at the Fermi
Level of each phase to be investigated had to be found. This background data
had been originated for the phases Fe bcc (body-centred cubic iron, ferrite)
[122], Fe fcc (face-centred cubic iron, austenite) [122], FesWsC [123], FesWsC
[123], WC [123] and W,C [41], [124]. The crystal structure and the lattice
spacing distance can be obtained from the literature. The crystal structure and
lattice spacing distance are used afterwards to obtain a calibration diffraction
pattern. The calibration diffraction pattern enables the EBSD detector to identify
the phases which were measured by quantity and location. A coloured picture
gives an overview of the majority of elementary cells in each location. The
colour code chosen for the EBSD pictures are the following according to table
7-4:

e red phase: Fe bcc;
e fuchsia phase: Fe fcc;

e green phase: FegWsC;
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e Dblue phase: WC,;
¢ yellow phase: Fe3W;C;

e turquoise blue: W,C (not in colour code).
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Table 7-4: Colour code for EBSD scan

phase  colour code

Phaze-RED

Fe bcc

Phaze-Fuchsia

Fe fcc

Phaze-GREEM

FesWesC

Phasze-BLUE

wC

Phaze-vELLOW

FesW5C
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Figure 7-11: SEM images and the EBSD scan from selected samples of the
cladding layer for PFR = 5 g/min and PFR = 15 g/min; a) BSE scan of the matrix
of a sample with PFR =5 g/min; b) EBSD scan of a); ¢) BSE scan of the matrix of
a sample with PFR = 15 g/min; d) EBSD scan of c); e) BSE scan of the boundary
between matrix and particle of a sample with PFR = 15 g/min; f) EBSD scan of e);

black colour in EBSD: no data received

A backscattered electrons (BSE) image of the area for the EBSD scan was

taken before the scan to identify the exact area for scanning. Both the BSE

142



image and the EBSD scan are shown in figure 7-11. The grain size in the
matrix material is approximately 67 um?. In figure 7-11 a) and b), the images of
a clad made with PFR = 5 g/min are exhibited. The EBSD scan in figure 7-11
b) shows grains of ferrite (Fe bcc) and austenite (Fe fcc) surrounded by
FesWsC. Interestingly, increasing WC powder feeding causes more austenite
phases in the grains. A comparison of Figure 7-11 b) and Figure 7-11 d) shows
the increased austenite fraction. This is probably caused by the high amount of
soluble C in the iron based matrix. Austenite can incorporate more C than
ferrite in the structure. This might give an additional strengthening effect to the
matrix by forming martensite during deformation. Despite this fact, a wider and

more linked grid of FegWsC forms throughout the cladding layer.

The strengthening effect is known in TRIP or TWIP steels and needs to be
confirmed in future work. In TRIP steels the retained austenite progressively
transforms to martensite with increasing strain, thereby increasing the work
hardening rate at higher strain levels. TWIP steels are fully austenitic at room
temperatures. A large amount of deformation is driven by the formation of
deformation twins. The twinning causes a high value of the instantaneous
hardening rate as the microstructure becomes finer and finer. The resultant

twin boundaries act like grain boundaries and strengthen the steel [125].

A BSE scanning image of the boundary between the matrix and WC particle
indicates a step from the ion beam sputtering from the matrix to the particle
(Figure 7-11 e)). This step could cause reflections of the electron beam and no
responding X-rays in some areas of the EBSD scan in figure 7-11 f). However,
the black area without data in figure 7-11 f) could also come from non-
stoichiometric phases close to the WC patrticle. A distinct response of the WC
particle and the matrix is illustrated. The WC particle is shown to be of WC
phase and a very little bit of W,C phases; it is surrounded by a matrix of mainly
austenite and FegWsC phases.
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7.4 Effect of WC powder feeding rate on the bead dimension
and WC inclusion

Effect of WC powder feeding rate on the bead dimensions and WC inclusion are

analysed in this chapter. These are the following:

e WC powder inclusion and its embedding in the matrix

e Appearance of cracking in the layer (cross sectional)

7.4.1 WC powder inclusion and its effects in the layer

First the equation (6-5) from section 6.2.3 of chapter 6 was used to convert the
PFR into a WC powder deposition rate (WCpa). Each bead length of the
cladding layer and number of welds was measured to calculate a theoretical
total bead length. The observation made for single beads in equation (6-6) from
section 6.2.3 was also observed for the overlapping layer. As a result, the
equations (6-7), (6-8), (6-9), (6-10), (6-11), (6-12), (6-13) and (6-14) of section
6.2.3 were used to establish the following parameters from the microsection of

the cladding layer:

WCpa — WC powder addition (deposition per unit length) [g/mm]
lop — loss of WC powder [g/mm]

ppu — WC powder pick-up [g/mm]

WCpt — WC particles reinforcement [g/mm]

WCrm — WC reprecipitated in matrix [g/mm]

WC reinforcement — classical ceramic reinforcement [%)]

The WC content in the cladding was established from the microsections and the
optical and chemical analysis. The following equations give an insight into the
calculation of WC powder pick up. First the welding time for each sample was

determined by:
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theoretical total bead length (7-1)

theoretical total welding time =
travel speed

In the next step the total wire length was found by:

total wire length = theoretical total welding time X wire feed speed  (7-2)

followed by the wire consumption:
total wire consumption (7-3)

= wire area X total wire length X density of steel

The density of steel was taken as 7.65 g/cm?®, which is equivalent to 0.00765
g/mm? [94].

The results were observed from the bead dimensions and WC particle
incorporation.  This explained some fundamentals in the WC embedding
process.
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Figure 7-12: WC cladding layer dimensions and WC incorporation; a) WC

reinforcement particles; b) layer height; c) porosity and cavities in useful area
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Figure 7-12 a) illustrates the WC reinforcement in the area with the peak and
the useful area, the WC reinforcement increase until PFR = 80 g/min in the
useful area and until PFR = 40 g/min in the peak area. Moreover, the particle
inclusion in the peak area stays constant from PFR = 40 g/min to PFR = 100
g/min in the range between 13.4 % and 18.6 %. The particle inclusion in the
useful area drops with PFR = 100 g/min significantly down to 3.5 % WC
reinforcement which was explained in section 7.3.2. A covering of loose

powder could have an effect (cooling or heat treatment).

The layer height of the useful and the peak minimum height stay relatively
constant (Figure 7-12 b)). The values for the useful layer height are naturally
the lowest with values, ranging from 0.83 mm to 1.5 mm. Heights of the
minimum peak follow closely in the range between 1.07 mm and 1.72 mm.
Even when no powder is added, the useful and minimum peak heights are
relatively unaffected. A different trend is shown for the peak layer height
(Figure 7-12 b)) as it increases with intensifying WC powder feeding from 2.25
mm (PFR =5 g/min) to 3.15 mm (PFR = 100 g/min). The sample without WC
powder addition stays at 2.46 mm layer height. The maximum peak values
compared to the minimum peak layer height shows the material, which needs to
be removed for a flattening in post-processing. For a useful application, the
difference excess height needs to be machined off. It also demonstrates that
additional WC powder of too high powder feeding rates stays on top of the weld
bead, when it can just be bonded (generates the waviness in section 7.2).
Higher weld pool energy could be necessary to overcome this phenomenon as
the WC powder cools the weld pool too quickly. A kind of cooled down skin of
WC powder and matrix prevents further WC powder from penetrating the weld
pool. The excess WC powder does not get incorporated.

As seen in figure 7-12 c), the porosity in the useful area had the highest value of
5.2 %. Even in the total area with peaks, the highest value measured was 3.7
%. The matrix porosity only increases when the particle pores are increasing as

well. The particle pores are in the WC patrticles and usually a manufacturer’s

147



issue. This means the GTA cladding process does not contribute in increasing

porosity and the porosity depends on the WC quality delivered.

The EDX analysis on the cladding layer microsection was in the layer height
orientation. The WC measurement is a result of the W content in the matrix. It
was not possible to divide the WC measurement in the SEM into useful and

peak areas.

The averages of the WC measurements are illustrated in figure 7-13.
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Figure 7-13: WC content measured in the microsections over optical and

chemical analysis

As seen in figure 7-13, the WC content initially rises with increasing WC powder
feed rate and the weld bead gets saturated when reaching 40 g/min powder
feed rate. No further increase is seen. At 100 g/min the WC content in the weld
bead decreases because of the agglomerates on the top of the weld bead
building up a skin layer hindering further WC particles enter the weld pool. This
trend is shown equally for the WC matrix as well as for the WC particle retrieval.
Therefore, the total amount of added particles to the weld bead follows the
trend. The total amount of added WC particles is about 50/50 of retained
particles and reparticipated WC content in the matrix. The trend for WC powder
retrieval in figure 7-13 is similar to the trend for the single beads as shown in
figure 6-19. Only at PFR = 100 g/min is a difference as the agglomeration did
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not happen in the single beads. The overlap trials tend to agglomeration as the
existing bead on the side supports access powder staying on the weld bead top.
Single bead exploration to find the saturation point is possible, which is
simplifying future process developments.

The total WC powder retrieval sometimes demonstrates values above the WC
deposition rate. Technically this cannot be possible. The following reasons can

cause these measurements:

e a microsection is only a display of a very short moment;

e the EDX analysis gives only some points of the WC distribution;

e the mass increase can be too small with low feeding rates and small
cladding areas;

e A very significant issue could be that WC in the solution does not only
build WC again. In fact it builds up different phases of WC, W,C and

FeyW,C, as well as phases with the alloying elements.

Further analysis is necessary to be sure how much WC is in solution. However,
as other analysis methods, such as EBSD, are more time-consuming, this was

done on representative samples only. The analysis is shown in section 7.3.3.

7.4.2 Appearance of cracking in the layer (cross sectional)

Although cracking of surface clad layers with high hardness is not unusual [72],
[126], in the aggressive atmosphere of wear and friction on a railway brake disc,
it could cause severe damage [127], [128]. There are different types of

cracking. Two common types in cladding layers are shown in figure 7-14.
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Figure 7-14: Sketch of two common found types of cracking in cladding layers;
a) peel-cracking is along the boundary of the layer and the HAZ; b) check-

cracking, cracks are vertically in the layer, sometimes into the HAZ

Peel-cracking (see figure 7-14 a)) is commonly known in pure ceramic layers
bond on metal. It initiates the risk of chips of the clad peeling off the metal
surface during abrasive wear to the layer. Less harmful check-cracking is
commonly found to stretch macroscopic in a 90° angle to the cladding direction
over the cladding layer. It is usually recognised by vertical cracks in the
microsection (see figure 7-14 b)). Check-cracking was the only cracking found

in the samples of this thesis.

The cracks initiated during cladding could grow into the bulk material during
service due to fatigue. Substantial dynamometer testing would be necessary to
characterise the behaviour of cracks from check-cracking. As mentioned in
chapter 6, an important indicator is if the crack is already in the heat affected
zone (HAZ, see figure 7-14 b)). In figure 7-15, the cracks noticed in the
microsection are documented. All cracks seen in the microsections were
counted and the three longest cracks were measured for their length. The

longest crack is shown in figure 7-15.
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Figure 7-15: Appearance of cracking in the microsection; “*” Minimum of one
crack penetrates the HAZ; Number of cracks at “0.1”: No cracks found in

sample.

The highest crack lengths measured in the microsections were for PFR = 15
g/min, 20 g/min, 60 g/min and 80 g/min. As seen in figure 7-15, most of them
penetrated into the HAZ. Only one crack was seen in the samples clad with
PFR = 40 g/min and 100 g/min. All other samples were crack free. This result

agrees with the observation of the surface cracking in section 7.2 of chapter 7.
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7.5 Hardness test of the WC MMC layer

For a better understanding of the effect of WC powder in steel cladding layers,
hardness tests were conducted, as an improvement in hardness would
potentially lead to higher wear resistance of the surface. Knowledge of the
dissolved WC in the matrix of the MMC produces the important decision to split

the hardness testing into the following three tests:

o Effect of the WC powder feeding rate increase of the matrix hardness,
e Hardness of the WC particles in the clad layer, and

e Hardness of the MMC matrix.

The hardness will always be compared to the unused original railway brake disc
steel. Further details about the machine used are in Appendix | and the

tolerance measurement is in section I.1.

7.5.1 Effect of WC powder increase on the matrix hardness

Two samples of each WC powder feeding rate were tested. On each sample
two indentation tracks were executed — transverse and downwards — in the
hardness test; the former was done in the middle of the cladding layer (Ihmax)
and the latter from the layer surface into the bulk material (see sketch figure
7-16).

e

4

Ihmax

72 1Ny

Figure 7-16: Sketch of the position of the hardness indentations on the samples,
grey: downwards hardness testing, black: transverse hardness testing; centre

line of the transverse indentations was half of the maximum layer height (Ihya)
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As the microsection of the layer only gives the option for a microhardness test,
a hardness test according to Vickers with 0.2 kg normal load was chosen. The
results are illustrated in figure 7-17. It can be seen that the Vickers hardness of
the brake disc material is already in the range between 370HV0.2 and
401HVO0.2. These values confirm the converted values of the supplier with 330
- 375 HBW 10/3000 from section 4.2.1 in chapter 4. This is very high for steel.
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Figure 7-17: Average results of 25 hardness indents in the matrix material and

the base material

Furthermore, the hardness value of 374HV0.2, without any powder feeding
(PFR = 0 g/min), is almost the same as the base material. The matrix phase
has values between 528HV0.2 and 604HV0.2 and comes into the area of
hardened steel. The difference of 76HV0.2 is a very small range compared to
the increase in WC powder feeding. It was seen that all hardness values stay
the same once WC powder is in use. Two outliers, with 757HV0.2 and
719HV0.2, can be seen at PFR = 40 g/min and PFR = 100 g/min, respectively.
These outliers could come from a high number (above % of the total) of

indentations close to or above patrticles or in WC enriched areas.
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7.5.2 Hardness of the particles after cladding

Heat input on the WC patrticles could lead to a change in hardness of the WC
particles found. Therefore, some selected WC particles have been tested
according to Vickers in different microsections. Additionally, the nano-hardness
of WC particles in a single bead trial with PFR =5 g/min was established.
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Figure 7-18: Hardness test according to Vickers of selected WC particles in the

matrix material after cladding

The results in figure 7-18 did not confirm the hardness values stated by the
supplier; with 2500HV0.3 — 3500HV0.3 (according to figure |-13 in the
appendix), as values on selected WC particles were measured between
2137HV0.2 and 3036HV0.2. This could come from the dissociation and heat
effect of the GTA cladding; however, it could also come from hollow particles. It
is more likely that the lower hardness comes from the influence of the welding
heat on the WC patrticles. This is probably due to the observed diffusion of Ni
into the particles as seen in table 7-2 of section 7.3.2. A second hardness test

with the nano-indenter confirms the high hardness of the WC patrticles.
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Figure 7-19: Nano-hardness test of selected WC particles in the matrix material

after cladding including Young’s Modulus

In figure 7-19, it can be seen that the hardness of four particles was between
448 GPa and 509 GPa. One particle can be seen as an outlier with 328 GPa.
Notably, the Young’s modulus is within a range of 360 GPa to 385 GPa. These
values are approximately half of the values found in the literature, as seen in
table 4-6 (with 620 GPa — 720 GPa) [92], [93]. Therefore, an evident influence
of the GTAW process on the mechanical properties of the WC patrticles can be
seen. The Young’s modulus could have changed because of the diffusion of Fe
and Ni into the WC patrticles and Ti and Ta out of them (see table 7-2 and

following).

7.5.3 Vertical hardness scanning (through-thickness direction) of the
matrix

A representative sample of the WC cladding layer microsection is displayed to

present the trend of the Vickers hardness within the layer, HAZ and bulk

material. One microsection of the sample with PFR = 5 g/min in transverse

cross section was chosen and the development of the hardness variation is

shown in figure 7-20 a). The cladding layer (between O mm to 2 mm) increases
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in hardness from 461HV0.2 to 743HVO0.2 towards the layer surface. A steady
hardness between 387HV0.2 and 408HVO0.2 in the HAZ (between -2 mm and 0
mm) provides evidence of less microstructure changes in the HAZ. Thus the
rest of the bulk material follows the HAZ with values between 321HV0.2 and
390HVO0.2 (between -5.5 mm to -2 mm).
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Figure 7-20: Hardness test of the matrix in a PFR = 5 g/min sample; a) cladding
layer tested according to Vickers, 0 mm to 2 mm is the layer, -2 mm to O mm is
the HAZ and -5.5 mm to -2 mm is the bulk material; b) nano-hardness test of a
single bead sample, 0 mm to 0.99 mm is the clad; -2 mm to O mm is the HAZ

Compared to hardness effects in welds in general, the HAZ showed no
significant difference to the brake disc material. A further hardness test with the
nano-indenter on a single bead trial demonstrated a change within the HAZ. As
shown in figure 7-20 b), the hardness increases in the HAZ from 3.32 GPa to
9.06 GPa (between -1.49 mm to -0.10 mm). The increase in nano-hardness is
between -0.49 mm and O mm and, therefore, not in the resolution of the
microhardness test according to Vickers. Unfortunately, the bulk material has
not been tested with the nano-indenter. A further increase in nano-hardness is
seen in the matrix material from 6.94 GPa to 11.29 GPa (between 0 mm to 0.99
mm). Just less than one millimetre of the layer thickness was tested by nano-
indentation. However, the matrix material in the nano-hardness test follows the
trend of the Vickers hardness test. Additionally, the Young’s modulus of the

matrix material and the HAZ show values between 190 GPa and 240 GPa.
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These are normal values for steel which has an approximate value of 210 GPa

according to the literature [94].

7.6 Summary

For the post-processing usage, as an abrasive layer, is only the useful area of
interest. The peak area gets cut off on one side and is a mixture of HAZ and
clad on the other side. This reason lead to the decision to concentrate on the

useful area in the summary.

Considerably flat cladding layers were achieved with 50 % overlap weld beads.
The increase in WC powder feeding showed surface cracking in the low feeding
rate of PFR = 15 g/min. This is due to high longitudinal stresses as the crack
direction is perpendicular to the welding direction. The overlap layer surface
increased in waviness with increasing WC powder feeding; WC reinforcement
increases with a growing powder feeding rate until 80 g/min in the useful area.
The particle inclusion drops with PFR = 100 g/min down to 3.5 % WC
reinforcement. Low porosity was found in the WC cladding layers made. When
the WC powder feeding rate grows, it increases the peak layer height.
However, no benefit in the useful layer height is seen. It was revealed that the
dissolved WC fraction in the matrix is approximately the same as the WC
particle fraction in the cladding layer, which shows that the dissolved WC in the
matrix has a significant effect on the WC powder pick-up. WC particles show
an embedding with a gradual transition to the matrix. The dissolution of WC
from the powder and reprecipitation in the matrix is mainly created by FegWsC.
This phase is also found as the main structure of the tungsten phases in the
matrix. Once there, it refines the grains and builds a network along the grain
boundaries. The matrix becomes medium hard and its Vickers hardness is
within 527HV0.2 and 757HV0.2 between the hardness of the steel base
(average of 374HV0.2) and the WC particles (measured between 2137HV0.2
and 3036HV0.2). The matrix hardness does not change significantly with the
WC powder feeding alternation. From further analysis, it is seen that the

hardness of the cladding layer increases from the base material to the surface.
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This was also shown in a microhardness test according to Vickers and in
extracts from a nano-hardness test. The Young's Modulus of the matrix is
comparable with the modulus from mild steel. Some WC particles are softer
than delivered, when measured in the cladding layer which might be a result of
the heat input from the GTAW process. Nevertheless, the hardness is still
respectable for wear resistance surfaces. A nano-hardness test has shown WC
particle results between 448 GPa and 509 GPa hardness and a Young's
modulus in the range of 360 GPa to 385 GPa. These are enormously high

values which give a suitable foundation for the wear test.

7.7 Conclusions

The objectives set for an investigation into a WC ceramic MMC layer in overlap

in this chapter leads to the following conclusions:

e WC reinforcements were possible to enrich from 1.1 % to 17.5 % WC
reinforcement in the useful layer area by only changing the WC powder
feeding rate. The amount of WC powder picked up is significantly higher
than the amount of WC reinforcement in particles due to the
reprecipitation of WC in the matrix.

e The WC reinforced layer had a useful layer height of approximately 1.2
mm. It was found that the useful layer height remained almost constant
with increasing WC powder feed rate. Instead WC powder increase
resulted in higher waviness.

e WC of the particles gets into solution in the matrix and reprecipitates in
FesWsC along the grain boundaries. The microstructure of the surface
clad confirmed a metallurgical bond of the WC patrticles to the matrix with
a boundary consisting of FegWgC. The matrix shows a grit of FegWsC
and steel grains. The ratio of remaining austenite to ferrite increases
substantially with enhanced WC powder feeding rate. This might give an
additional strengthening effect to the matrix by forming martensite during
deformation. Hardness values of the matrix reveal a growth from about
400HVO0.2 (base material) to about 570HV0.2 with low WC powder
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feeding. An increase in WC powder feeding rate had no influence on this
upsurge. The matrix hardness intensifies from the boundary of the HAZ
through the cladding layer to the surface. Despite the alloying of WC into
the matrix, the Young's Modulus stayed on the same level as for mild
steel. The WC particles softened during the GTAW cladding process
slightly.
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8 Comparison of WC MMC surface clads in the friction
behaviour of a Pin-on-Disc wear test

Railway brake discs are large and testing them on a full size dynamometer test
rig takes a lot of time and resources. To optimise the GTA cladding process of
WC ceramic MMC described in chapter 7, a small scale tribometer test is
economical. For this a Pin-on-Disc (POD) test has been chosen. The fact that
it tests only over a relatively short time (Pin-on-Disc test: 4 - 6 h; Dynamometer
test: approximately 1008 h) and with constant sliding speed, makes the results
of the friction coefficient (i) quickly accessible. However, the wear loss is very
hard to establish after such a short time. The following objectives are set for

this chapter:

e Spiral clads with the functional graded structure of WC ceramic and steel
are developed in POD sample size.
e The functional graded layer reaches similar friction coefficients (u) than

the brake disc steel.

The results of the p for the WC MMC should stay in the same range as the
existing brake discs, when paired with a common wear pad material. As a
common wear pad material, the Ferodo 3216F Pad from Federal Mogul Friction
Products Ltd. was chosen to be customised into a wear pin for the POD test
machine. It is to remark that the geometry of the geometry of the disc and the
POD specimen vary significantly from brake discs and pads, which could

influence the outcome of this test.
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a) — b)

Figure 8-1: Wear pin of the Pin-on-Disc test; a) technical drawing of the pin (9.99
mm diameter, 15 mm long); b) Close up photo of one customised pin made of

Ferodo 3216F pad material

The customised layout of the pin is seen in figure 8-1 a) with a pin ready for use
in figure 8-1 b). Its mechanical properties are given in figure_apx |-18. The pin
dimensions have been chosen with 9.99 mm diameter and a length of 15 mm,

resulting in a wear area of 78.383 mm?.

8.1 Disc geometry and disc welding and grinding process

Pin-on-Disc wear test discs have been produced with 15CDV6 brake disc
material. The material properties of the 15CDV6 are very similar to those
properties of the G-22 NiMoCr 5 6 (used in chapters 6 and 7), which can be
seen in table 4-5 of chapter 4. These discs were made in the size of 120 mm
diameter and 12 mm thickness. A technical drawing and a sample disc are

shown in figure 8-2 a) and b), respectively.
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12mm thick disc

Figure 8-2: Disc for the Pin-on-Disc test; a) technical drawing of the disc (120 mm
diameter; 12 mm thick; & 10.1 mm centering hole; & 5.1 mm drive hole; 3 x M4

grub screw levelling); b) specimen before welding
The WC cladding trials were performed using two different approaches:

e The first approach is a spiral welding with the WC reinforcement on a
square plate with measurements of 140 mm x 140 mm x 12 mm. Its
condition after welding can be seen in figure 8-3 a). The cladding
followed a machining and grinding process to a finished disc.

e The second approach was an already machined disc which had four
holders tack welded on the side. This disc was then clad with a spiral
clad of the functional clad layer. The surface of the clad had to be
diamond ground later on. The second approach is shown in figure 8-3 b)

after cladding. The tack welded holders were removed before testing.
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Figure 8-3: Two ways to produce the WC reinforced layer; a) Cladding before

machining; b) Cladding on a machined sample

Both approaches were tested for distortion due to the high heat input in the
relatively small discs. However, after preparing specimens in both ways there
was no significant difference in flatness found. The detailed welding and WC
cladding set up is shown in figure 8-4. It can be seen that the GTA welding
torch was set-up in the middle point prior to welding. Powder feeder nozzle and
wire feeder nozzle were mounted on supports as shown in figure 8-4. The
ceramic tube has been used as the powder feeder nozzle. The clamping of the
base material was on all four corners in the case of the plate, but on tack
welded holders of the disc. A Cu backing of 10 mm thickness has been used to
extract heat during cladding. An eventual overheating of the plate, resulting in a
burn through, has been limited. This gives the base material closer heat sink
behaviour towards the much greater brake disc. Additionally, the GTA cladding
trials were welded from the inside to the outside to direct the heat into the

periphery of the small steel plates.
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- wire
¢ feeder

Figure 8-4: Spiral GTA cladding for POD test specimen; TIG torch for the welding
arc; four clamps to maintain the sample position; powder feeder with ceramic
feeding nozzle for the WC powder; wire feeder nozzle for the matrix material
supply; base as an approximately 140 mm x 140 mm x 12 mm steel plate; Cu
backing (10 mm thick) to obtain similar cooling to a brake disc

The welding process followed a continuous spiral trajectory. To keep a steady
linear travel speed, the TrioMotion control was programmed for changing the
rotational speed due to the GTAW torch position. The process parameters for
the GTA cladding with WC ceramic particles are given in table 8-1. The angles
of the feeder nozzle and the distances a, b, ¢, d are shown according to figure
6-1.
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Table 8-1: Cladding parameters set for the Pin-on-Disc specimen

wire feeder nozzle

travel wire
Current feed a b c d o B
speed
speed
A . m/min mm mm . mm mm ° °
m/min

216 0.35 2.46 3.5 02 14 138 180 20

powder feeder powder feeder nozzle
Ar Ar Ar
fow flow ¢ d o B
pressure
rate  rate
bar NLPM I/min . mm mm ° °
3 5 5 3 9 112 50

It was necessary to adjust the powder feeding angles because of the sharp
radius of curvature at the small radii of the POD discs. G4Sil wire was used as
a matrix material. The following WC powder feeding steps have been chosen
for POD testing:

e 0 g/min WC feeding rate
¢ 5 g/min WC feeding rate
e 10 g/min WC feeding rate
e 15 g/min WC feeding rate
e 20 g/min WC feeding rate
e 25 g/min WC feeding rate

A thermocouple was set up in the centre of the samples welded in plate form for

further investigations into the heat distribution behaviour during cladding.
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Figure 8-5: Temperature profile monitoring arrangement during cladding of the
base material; a) back of the base plate, 1: thermocouple, 2: thermocouple
welding point in the centre of the sample; b) schematic assemble of the sample
to the set up seen in figure 8-4, id: distance between the centre of the sample

and the first weld bead

Temperature profile monitoring was carried out with a thermocouple fixed on the
back of the rectangular plate’s clad with a spiral, as shown in figure 8-5 a). The
sample assemble on the WC cladding set up is seen in figure 8-5 b). The cross
sectional view shows the thermocouple attached to the sample plate by a tack
weld. It has been put through a hole in the Cu backing, which is seen in figure
8-4. The distance of the centre of the plate to the inner clad (id) of the spiral
was between id = 38.9 mm and id = 42.1 mm, depending on the measurement

at the beginning of the spiral weld or after one circumference.
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Figure 8-6: typical temperature-time plot of a POD cladding cycle

The position in the middle of the plate showed a good reading and a typical
temperature curve from a welding process can be seen in figure 8-6. The peak
temperatures recorded have been between 234 °C and 313 °C, e.g. figure 8-6
shows a maximum at 271 °C. These temperature curves give a scope for
calibrating finite element (FE) modelling of the cladding process. In chapter 9
these temperatures will be compared with a full railway disc cladding bead to
understand the heat sink difference. GTA cladding trials have also been
performed for comparison of the microstructure. Welding procedures with the
same process parameters are used to obtain a similar WC reinforcement to the
POD specimen. An overview of the microsection of the spiral weld can be seen
in figure 8-7.
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Figure 8-7: Control microsections of specimen welds like those of the POD wear
test specimen; a) PFR = 0 g/min; b) PFR =5 g/min; ¢) PFR = 10 g/min; d) PFR =15
g/min; e) PFR = 20 g/min, cracks have been found; f) PFR = 25 g/min, cracks have

been found; i: inner side of the spiral, o: outer side of the spiral

Microsections of the different powder feeding rates show weld beads with low
waviness. Figure 8-7 shows the microsections in unetched conditions. The
inner side of the spiral is indicated with an “i" and the outer side with an "0".
Cracks were seen in higher magnifications of the microsections made with the
WC powder feed rates 20 g/min and 25 g/min. It can be seen that the amount
of WC reinforcement increases in all welds from the inner to the outer side of
the spiral. The increased WC feeding rate is reflected in the higher WC powder
incorporation as well (Figure 8-7 from a) to f)). The microsection was divided
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into five areas of the same length in order to measure the WC reinforcement.

The results of these measurements are shown in figure 8-8.
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Figure 8-8. WC particle reinforcement measured on the microsection shown in
figure 8-7 in five equal, long area sections of the microsection. 1: inner side of
the spiral, 5: outer side of the spiral; yellow area: indicates the area where the

pin is wearing

Figure 8-8 shows how the WC reinforcement rises with the WC powder feeding
rate. The WC retrieval improves with increasing PFR up to PFR = 10 g/min.
The GTA clads with feeding rates between PFR = 15 g/min and 25 g/min show
a decrease in WC reinforcement in all areas except area 1. WC reinforcement
is seen significantly different from the inner side to the outer side of the spiral.
This effect comes from the heating effect of the weld beads in the spiral. The
inner round of the spiral was made on a cold base material. The following
rounds were laid down on a continuously heating up base material. The weld
bead stayed open longer before it solidified and more powder can enter the

weld pool.

The distance to the POD specimen middle was measured to identify the
important area for the wear test. It emerged that areas 3 and 4 are in the region
of the pin in the POD. These two areas were hatched in yellow in figure 8-8.

These WC reinforcement values will be used in the Pin-on-Disc testing.
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8.2 Friction and wear test set-up

The friction and wear resistance was tested on the Pin-on-Disc wear machine
seen in figure 8-9. The machine gives a constantly normal force Fy with a pin
on a disc, whereby the pin is made of brake pad material and the disc of the test

specimen.

Figure 8-9: Pin-on-Disc wear test machine, top view

To measure friction, a constant rotation velocity (Vi) on the disc is used. As a
reaction to the velocity, a friction force (Fy) is caused in the lever holding the
pin. The measured torque force Fy, disc temperature (T) and total wear
distance gives the values to calculate the friction coefficient (i), the power (P)
needed to overcome frictional load, the heat flux (®,) generated, rate of heating
(Rn) and rate of cooling (R;). The POD machine was commissioned and
calibrated from Lockyer [55], [56]. A schematic drawing of the pivot arm in
figure 8-10 a) shows the important points of influence in the wear test. The disc
is in the middle under the pivot arm, with the pin holder on the right of the disc.
A reference beam with a wear transducer can record extreme wear behaviours.
Its function is explained in the work of Lockyer and Angelinas [55], [56], [121].
However, the wear transducer was not used for this thesis. A counterweight on
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the very left of the pivot arm keeps the arm in balance on the pivot joint. It also
gives the possibility of having no weight force from the pivot arm added to the
normal load. The normal load is set up by a dead weight on a free hanging

rope on the very right of the pivot arm.

Wear Transducer

a ) To Computer
Courlm\nueight " Reference\Biam /_\\
Pivot = O:] Dead Weight
A B ‘ l
B i [ ® |
é = 5
: Pivoted Arm
Y : Friction Post
A Counterweight '
Screw Disk
To Computer
Friction Transducer
la |
i 300mm '

Fioad

Figure 8-10: Drawing of the pivoted arm; a) Sketch with details by Lockyer [55],
[56]; b) Effect of the lever sketched by Angelinas [121]

A friction transducer in the form of a load cell was fixed to the friction post. It
was situated between the pin holder and the dead weight. The pivot arm
presses against the friction transducer when the disc rotates. For calculation of
the friction coefficient according to equation (3-5), the calculation of the
leverage from the pin to the friction transducer is important. The effect of the

lever to the measured force is sketched in figure 8-10 b) by Angelinas [121].
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Additionally, rubbing thermocouples were applied to the disc. Four K-type
thermocouples were employed to measure the temperature of the disc in the
friction area. Calibration of the thermocouples took place in ice-water with a
reference thermocouple. The water was kept at a constant temperature of O °C.
Correction of the thermocouples thermo-voltage signal could have been done
using the National Instruments software, if necessary. The load cell was
calibrated over dead weights mounted on the pin holder with a rope. The nylon
rope was transferred from the pin holder over a deflexion roller to the side to

give this set up enough space, as shown in figure 8-11.

Figure 8-11: Load cell calibration, 1: Pivoted arm with pin holder, 2: Load cell in

friction post, 3: Deflexion roller, 4: Dead weight (load mass)
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The dead weight generates a signal in the friction cell which replicates an equal
friction force (Ft). This signal is used to generate a calibration curve in the
National Instruments software. Significant impact on the stability of the friction
force is the disc flathess. The disc has to be perpendicular to the pin at all
times of the rotation to obtain a smooth signal. Lockyer was investigating the
impact of an inclined mounted disc [55], [56]. Part of his findings can be seen in

figure 8-12.
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Figure 8-12: Effect of inclination of the disc on the friction results; a) perfect

orthogonal rotation; b) inclined disc rotation [55], [56]

Figure 8-12 makes it clear that a slight incline of the disc causes a very noisy
friction force reading. Thus the friction coefficient (1) would result in a signal
with too much variation. The disc specimen is aligned to the fixture of the rig
and can be shifted into a perpendicular position by three grub screws (see
figure 8-2). This ensures mechanically a smooth friction force signal. Dynamic
friction effects generated from the mechanism of wear, as described in chapter

3.7, could lead to a small variation of the signal.
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8.3 Pin-on-Disc test temperature and friction results

POD wear tests were done with every clad disc described in section 8.1. Each
disc had to undergo a series of wear tests. Parameters for the different wear

tests were disc rotation speed, dead weight for the normal load and sliding test

length. The series of wear tests and parameters were as follows:

Test number  rotation speed

1000 rpm
1000 rpm
2000 rpm
2000 rpm

A

After each test the discs were left to cool down on the rig. The heating and

weight

3 kg
6 kg
3 kg
6 kg

test length

approx. 15000 m
approx. 15000 m
approx. 15000 m
approx. 15000 m

cooling curves were recorded for thermo mechanical modelling.
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Figure 8-13: Raw data of Pin-on-Disc wear test for a test with a 15CDV6 disc
(blank) with Fy =112.5 N (6.062 kg on lever), normal pressure: 1.46 MPa, V. 1000
rpm, total test distance: 15373 m; a) smoothened average temperature curve of
the four K-Type thermocouples, cooling down with disc rotation; b) filtered

signal of the coefficient of friction (u)

Further analysis of the rate of heating (R;) and the rate of cooling (R¢) is given
in the work of Angelinas, who worked closely with the author on the POD wear
tests [111]. An example of the recorded test data is displayed in figure 8-13.

The test procedure and results for the POD test in figure 8-13 were the

following:
e Deadweight: 6.062 kg
e Normal load on pin: 1125N
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e Rotational speed setting: 1000 rpm
e Linear speed: 3.4 m/s (12.24 km/h)
e Nominal pressure: 1.46 MPa

e Average friction coefficient (n):  0.38

e Average power: 156 kW

e Average heat flux: 71.89 kW/m?
e Distance travelled: 15.373 km

e Wear area on disc: 0.002174 m?
e Wear area on pin: 0.000077 m?.

The temperature rose significantly in the first 500 s test time, as expected. In
parallel, the p is relatively high at approximately u = 0.5. After 500 s the
temperature increases steadily from about 120 °C to about 200 °C as shown in
figure 8-13 a), over the rest of the test time. The p drops after the run in, down
to u = 0.33 at about 1850 s and increases from there slowly to about p = 0.41.
This correlates up to 200°C to the graph previously shown as figure 3-11 from
the literature found. The POD test was stopped after approximately 4200 s,
which resulted in about 15 km travelling distance. The cooling down was
recorded with the disc still rotating at 1000 rpm. A rapid cooling took place
during the time between approximately 4200 s and 6000 s. However, it was
difficult to cool the disc down to less than 60 °C with the rotation still in place.
Cooling behaviours of different geometries of discs, e.g. with and without
cooling vanes, are explained in Angelinas et al.’s work on the improvement of

convective heat dissipation [119].

The five GTA clad discs with the WC reinforcement were tested. Blank steel
discs of different grades and an aluminium disc were selected to compare the

test results. The following discs were tested:

GTA clad discs

e 0g/min WC feeding rate 0 % WC reinforcement
e 5g/min WC feeding rate  0.92 % to 1.22 % WC reinforcement
e 10 g/min WC feeding rate 3.98 % to 4.74 % WC reinforcement
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e 15 g/min WC feeding rate  3.77 % to 7.19 % WC reinforcement
e 20 g/min WC feeding rate 2.21 % to 3.24 % WC reinforcement
e 25 g/min WC feeding rate 4.28 % to 4.63 % WC reinforcement

Blank discs

e 15CDV6 brake disc steel
e G-22 NiMoCr 5 6 (called GS22) brake disc steel
e S355J2+N mild steel

e Aluminium alloy, 7xxx series (called Al)

An average of the measured friction coefficients for each test series was
calculated and is displayed in figure 8-14. The aim of this test was to find out
whether the friction coefficient of the GTA clads is the same or close to brake
disc steel or not. The pad material is confirmed as generating a friction
coefficient between p = 0.32 and p = 0.39 according to the technical data sheet
in figure_apx [-18 b) on all common steel brake discs. It is worth mentioning
that the tests with Al had to be stopped after a very short time. Usually in the
tests with the Al disc, the pin broke or was worn down after about 700 s to 800

S.

Pure Al is not used for wear and friction applications because of its smear wear.
In brake disc applications Al MMCs infused with SiCp are common. The Al
matrix ensures a better heat transfer compared to the most other metals due to
its high thermal conductivity [129], [130]. Additionally, the pad material used in
this POD test is for steel surfaces and steel matrices. Different pads would be

necessary for Al and Al matrices [131].

The test results are shown in figure 8-14. For test number 1 the parameters of
1000 rpm (3.4 m/s), 2984 g normal load and approx. 15300 m sliding distance
were chosen. As seen in figure 8-14 a) all samples of test number 1 with a
steel matrix or pure steel have indicated a friction coefficient between p = 0.40
and p = 0.47. The exception is the GTA clad with 3.77 % - 7.19 % WC
reinforcement, which has shown a value of p = 0.37. Aluminium has shown a

very low friction coefficient of p = 0.25. Runs with the parameters of 1000 rpm
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(3.4 m/s), 6062 g normal load and approx. 15300 m sliding distance of test

number 2 are shown in figure 8-14 b). Tests for test number 2 achieved friction

coefficients between p = 0.31 and p = 0.38.
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Figure 8-14: Measured average coefficient of friction (u) for different POD tests
and materials; a) 1000 rpm (3.4 m/s), 2984 g normal load, approx.: 15300 m travel
distance; b) 1000 rpm (3.4 m/s), 6062 g normal load, approx.: 15300 m travel
distance; c¢) 2000 rpm (6.8 m/s), 2984 g normal load, approx.: 15300 m travel
distance; d) 2000 rpm (6.8 m/s), 6062 g normal load, approx.: 15300 m travel

distance

The exception is the GTA clad with 3.98 % to 4.74 % WC reinforcement, which
has a p of 0.66.
POD tests with higher speeds, according to test number 3, were

This result could have come from an inconsistent WC
inclusion.
executed and the average u results are disclosed in figure 8-14 c). The results
indicate a dramatic difference between the blank steels. The 15CDV6 and the

S355J2+N steel present a similar friction coefficient of p = 0.33 and p = 0.31.
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The GS22 steel fell down to p = 0.21 for the higher speed of 6.8 m/s and a low
pin pressure of 0.72 MPa (2984 g normal load). GTA clad discs indicate a
scattering of the u. The results are varying between p = 0.23 and p = 0.52.
This could come from a too low pin pressure for the speed of 6.8 m/s. Figure
8-14 c) provides a good foundation to look into the POD wear test for lower
pressure and higher speeds again. A very consistent friction coefficient can be
seen for tests with the parameter of test number 4. The test parameters of 2000
rpm (6.8 m/s), 6062 g normal load and approx. 15300 m travel distance were
chosen for high speed and high load tests. Figure 8-14 d) reveals friction
coefficients between yu = 0.27 and p = 0.35 for all materials other than GS22.
The GS22 material has once again a low friction coefficient with p = 0.22. The
POD wear test revealed maximum temperatures between 143 °C and 290 °C.
These temperatures might be too low for the GS22 to give a sufficient friction

response.

Over all, the GTA clad discs indicate similar friction behaviour to the blank steel
discs in the POD wear test. As mentioned in chapter 3 section 3.8 the friction
coefficient for brake discs is recommended to be between p = 0.25 and p = 0.45

[61]. This gives a strong argument to go ahead with a full size brake disc test.

The wear rate was not measured on the POD test rig as the wear of the discs
was too low to be recognised. Much longer testing times (or distances) are
needed to establish a wear rate over the mass change. Additionally, oxidation
of the wear surface during wear conditions could increase the total mass

initially.

8.4 Summary

A POD wear test is a quick solution to find the friction behaviour of the GTA clad
surface with WC reinforcement. In contrast to a full size brake disc test this is a
constant sliding of a pin applied to the disc surface. Testing times are as short
as approx. 4 h and the disc size is much smaller. Welding parameters have

been developed for spiral shape cladding. The distortion of the discs or plates
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after welding was within a reasonable limit. A temperature recording during
welding has revealed a maximum temperature of 313 °C on the centre back of
the plate. This recording can be compared with the full size disc welding later
on in order to look for similar heat sink behaviour. The functional graded layer
was not uniform throughout the clad spirals. An increase in WC embedding
from the inner to the outer side was exhibited in the microsections. WC
reinforced GTA cladding trials demonstrate similar friction coefficients to blank
steel discs with pins made of Ferodo 3216F pad material.

8.5 Conclusions

The following conclusions can be drawn from the preparation of POD specimen
and POD wear testing:

e Welding parameters for a spiral clad with small radii must be optimised
as the WC reinforcement is not uniform. Spiral clads were achieved with
a WC reinforcement from 0.92 % to 7.19 % area fraction. A flat surface
for POD testing was achieved by diamond grinding

e POD wear testing takes less time than dynamometer testing. The friction
coefficient can be determined within 4 h instead of 1008 h. POD wear
testing is a constant sliding test rather than a brake test. The type of
loading on a POD test is significantly different than on a dynamometer
test. Therefore the p gives only an indication whether to scale up or not.
POD wear tests with the machine at Cranfield University run at lower
speeds and lower contact pressure than dynamometer tests. In spite of
the constant sliding the generated temperature is still at low levels for
braking. POD wear test results demonstrated a similar friction coefficient
of the WC reinforced discs to the blank steel discs.

The WC clad can be tested on a dynamometer test rig to determine the wear
loss on a prototype specimen.
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9 Creation of design geometry prototype as a full-size
railway brake disc

WC reinforcement as a wear resistant layer is well known [26], [48], [132]. New
approaches for the WC reinforcement layers include: round, atomised WC
particles (instead of broken WC) in a low Ni content steel matrix and the use of
the GTAW process. Additionally, WC reinforcement surface layers were rarely
tested for brake discs. The previous POD test offers the potential for using WC
as reinforcement. One of the main reasons for a large scale GTAW test is to
observe the issues associated with producing the prototype, i.e. GTAW process
with wire and powder. This complex set up could show the different problems
when a design geometry structure, like a railway brake disc, is clad. This is
especially the case when the cladding trial is significantly larger than the single
bead trials in chapter 6 and the overlap trials in chapter 7. This chapter
highlights the different issues related to creating a prototype of functional
surface layer on a railway brake disc structural component. Therefore, the

following objectives are investigated:

e The possibility of a large WC reinforced layer on both wear surfaces of a
railway brake disc with well distributed WC ceramic particles.
e Examination of distortion of the brake discs during GTA cladding and

post-processing diamond grinding.

In the railway industry, axle mounted and wheel mounted brake discs are
commonly used. This feasibility study concentrates on GTA cladding of axle
mounted brake discs. Therefore, the discs will have two wear surfaces. Axle
mounted brake discs are produced with and without ventilation. According to
some previous investigations by Angelinas et al., the thermo-mechanical
behaviour of ventilated (with vanes) and unventilated discs are significantly
different during braking operation [119], [121], [133]. The vanes could also
have significant effects on the GTA cladding process by altering heat flow from

the deposit zone.

The following railway brake discs were GTA clad:
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e Two 640 mm outer diameter discs, ventilated, PFR = 15 g/min;

e Two 460 mm outer diameter discs, unventilated, PFR = 10 g/min.

The issues of lower WC powder feeding rates with GTA cladding are also tested

with the unventilated disc.

9.1 GTA cladding of a ventilated full-size brake disc

The ventilated railway brake discs were delivered in the size of 640 mm outer
diameter and 404 mm inner diameter, giving a wear section with width of 118
mm. GTA cladding of the full-size disc was done on the 5-axis rig with some
adjustments to the TrioMotion controller programme. Figure 9-1 shows the set-
up of the welding rig for cladding with ceramic powder for full-size railway brake

discs.

Figure 9-1: GTA brake disc cladding with WC powder, overview of the welding

rig; 1: TIG torch on z-axis; 2: Turntable with brake disc mounted on; 3: Pressure
releasing container with valve; 4: Ar transport gas bottle; 5: Powder feeder; 6: 5-
axis-rig controller; 7: KT4 wire feeder; 8: AMV display and recorder (arc current,

arc voltage and wire feed speed)
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The WeldTech TIG welding torch was situated on the z-axis (Figure 9-1 1) with
the turntable and brake disc (Figure 9-1 2) underneath. The WC powder was
fed by the powder feeder (Figure 9-1 5), using the Ar transport gas (Figure 9-1
4). The WC powder was fed through the pressure releasing container (Figure
9-1 3) and from there by gravity to the powder feeder nozzle next to the TIG
torch (Figure 9-2 2). Wire was delivered by the wire feeder (Figure 9-1 7) to
the wire feeder nozzle next to the TIG torch (Figure 9-2 3). The GTAW power
source is not displayed (see section 4.1 of chapter 4 for details). The process
parameters were arc current, arc voltage and wire feed speed. They were
recorded and displayed with the AMV (Figure 9-1 8). Movement of both the
torch and turntable were controlled by the programmable TrioMotion controller
(Figure 9-1 6). Additionally, the height of the torch could be adjusted manually
during the programmed cladding process. This allowed the arc length to be

adjusted if the voltage changes.

Figure 9-2: GTA brake disc cladding, starting position before welding (sample:
640 mm outer diameter disc); 1: TIG torch; 2: Powder feeder nozzle; 3: Wire
feeder nozzle; 4: Fresh ground brake disc; red arrow: cladding direction (or
direction of disc movement); green arrow: overlapping bead direction
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A close-up image of the welding torch in the starting position is given in figure
9-2. For GTA cladding, the TIG welding torch (Figure 9-2 1) was arranged
perpendicular to the brake disc (Figure 9-2 4). The angles of the wire feeder
(Figure 9-2 3) and powder feeder (Figure 9-2 2) are given in table 9-1. Brake

disc cladding was performed with the welding parameters shown in table 9-1.

Table 9-1: Brake disc welding parameter

wire feeder nozzle
travel wire
Current feed a b c d o B
speed
speed
A m/min - m/min mm mm mm mm ° °
200 0.3 1.5 34 8 1.5 141 180 19
powder feeder powder feeder nozzle
Ar Ar
Ar fow flow ¢ d a B
pressure
rate rate
bar NLPM I/min . mm mm ° °
3 5 5 58 39 103 37

The angles of the feeder nozzles and the distances a, b, c, d are in accordance
with figure 6-1 . The Ar transport gas for the WC powder was fully released at
the pressure reducing container (Figure 9-1 3 and figure 4-6). G3Sil mild steel
welding wire was used for all brake disc cladding trials and its mechanical
properties are shown in table 4-5. Four surfaces needs to be covered for two
brake discs. Only one layer in overlap was planned for each trial. The off-set
distance for the overlaps was varied between 3.8 mm and 4.3 mm and,
therefore, became greater than that in section 7.2 of chapter 7. Figure 7-3
shows an off-set of 3.5 mm for PFR = 10 g/min and PFR = 15 g/min.

A thermocouple was attached to the side of the inner diameter of the brake disc
in a 5 mm to 8 mm depth from the original wear surface (dh), as shown in figure
9-3.
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Figure 9-3: Schematic position of thermocouple on the inner diameter of the

brake disc, dh: depth from the wear surface

The temperature profile was measured on the inner radius and was connected
to the disc by a resistance spot weld. This was done for every welding trial as
shown in figure 9-4.
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Figure 9-4: Typical temperature measurement of the brake disc during welding;
Thermocouple contact; 1: brake disc wear surface; 2: thermocouple contact
point (dh =5 mm to 8 mm); 3: clamps

A data logger with display (Figure 9-5 3) was connected to the thermocouple
(Figure 9-5 2).
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Figure 9-5: Typical temperature measurement of the brake disc during welding;
Temperature display; 1: brake disc; 2: thermocouple lead; 3: temperature display

apparatus; 4: powder tray

Therefore the first GTA cladding trails were very close to the thermocouple. An
example of the WC cladding temperature values recorded is shown in figure
9-6.
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Figure 9-6: Typical time - temperature plot of a cladding trial on the ventilated

railway brake disc measured as shown in figure 9-4
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The heating curve of the GTA brake disc cladding in figure 9-6 indicates
scattered peaks above 124 °C at the beginning of the welding trial. These
peaks come from the short distance of the inner diameter cladding rounds to the
thermocouple, which leaves the torch passing close by. After around 30 min
welding, the occurrence of scatter disappears and a stable reading follows. The
trend line of the moving average gives a better understanding of the transient
thermal cycle of the brake disc. Those values can supplement the finite
element modelling in future work. Figure 9-6 points out that the railway brake
disc heats up in a cycle of heating and cooling from the average of 18 °C to the
average of 97 °C within the first 94 minutes of GTA cladding. The cycle of
heating and cooling continues for the rest of the welding time (for another 202
minutes) within the moving average temperatures of 92 °C and 109 °C. The
average temperature during this 202 minutes time is 97 °C. The cycles of
heating and cooling appear to be generated during the passing of the GTAW
torch. It comes once every round closely to the thermocouple. The cooling
curve after welding demonstrates a time of 698 minutes to cool down to the
average of 20 °C again; however, the cooling from an average of 97 °C to an

average of 50 °C took place in the first 109 minutes of cooling.

Figure 9-6, compared to the time - temperature curve of the POD specimen
welding in figure 8-6, reveals a much lower maximum temperature. The POD
specimen measured with thermocouples produced maximum temperatures
between 234 °C and 313 °C, where, the four brake disc welding trials, on the
two 640 mm outer diameter brake discs, exhibited average temperatures
between 94 °C and 103 °C. The bigger mass of the brake disc, as well as the
cooling vanes, was the reason of the lower base material temperature with

much faster transient thermal cycles.
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Figure 9-7: 640 mm railway brake disc; a) GTA clad disc with TIG torch still in

position; b) overview disc after second cladding; c) top view after cladding (WC
powder left on the disc; d) cleaned disc section; 1: wear surface; 2: TIG torch; 3:
cooling vanes; 4: clamping system; 5: GTA clad surface; 6: brush cleaned
welding trials

Another view of the GTA welding set up of the 640 mm outer diameter railway
brake disc with WC powder feeding is presented in figure 9-7. The GTA
cladding was performed from the inside to the outside with a WC powder
feeding rate of PFR = 15 g/min. The cladding was completed in concentric
circles. However, the turntable was turned additionally /s of a round after each
run. This was necessary to obtain the starting point of the next round in a
different position from the start/finish point of the previous round. Figure 9-7 a)
illustrates the brake disc after a complete cladding trial with the TIG welding
torch in the finish position. An overview of the full brake disc after cladding is
given in figure 9-7 b). Left-over WC powder was not removed during the GTA
cladding procedure (Figure 9-7 c¢) 5. This prevented impurities from brushing
and kept the heat longer in the brake disc. A brushed and cleaned WC
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reinforced layer can be seen in figure 9-7 d) 6. Some key values of the GTA

cladding with functional graded layer are as mentioned below:

e the total arc on time for a layer was 5 h 17 min

e 32 rounds were welded

Microsections were prepared of one 640 mm outer diameter railway brake disc.

Therefore one brake disc has been cut and the other was left for dynamometer

testing. A full length microsection of the 640 mm brake disc is shown in figure
9-8.

Figure 9-8: Microsection of GTA cladding trial on 640 mm outer diameter railway
brake disc; yellow window: extract shown in figure 9-9; left: inner diameter, start

cladding; right: outer diameter, finish cladding

The cladding layer is approx. lhyin = 1.7 mm high with a low waviness to allow a
grinding of only 0.3 mm off (lhmax = 2.0 mm) for a flat surface. Figure 9-9 is an
extract of figure 9-8 and demonstrates a well distributed WC reinforcement in
the GTA cladding layer. Porosity only appears in the WC powder particles and
is not caused by the welding process.
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Figure 9-9: Extract of figure 9-8, microsection of the 640 mm brake disc cladding

layer, one welding trial; Ihy,: useful layer height; 1: functional graded layer; 2:
HAZ; 3: WC particle

The WC reinforcement was measured according to the method used in section
7.3 of chapter 7. Three areas on the microsection have been chosen to
quantify the WC reinforcement. Numbers have been given to the welds,
starting from the inner disc diameter, to give a better orientation of the position
of the measurements. Table 9-2 reveals the WC reinforcement in the area with
peaks and the useful area for the layer serial numbers three to six, 14 to 16 and
29 to 31.
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Table 9-2: WC reinforcement measured in different cutting areas of the

microsection (PFR = 15 g/min)

Cutting area - inner side  middle outer side

Layer serial
No.

- 03 to 06 14 to 16 2910 31

WC
reinforcement % 3.95 2.47 553
with peaks

WC
reinforcement % 3.44 5.32 3.95

useful area

The WC reinforcement with peaks indicates values between 2.47 % and 5.53
%. The average WC reinforcement is 3.98 %, which is under half of the value
measured in chapter 7.4.1. In recapitulation, the WC reinforcement in the area
with peak for flat plates shows 9.2 % for PFR = 15 g/min. A similar picture is
seen when the results of the WC reinforcement in the useful area is compared.
WC reinforcement for the useful area is between 3.44 % and 5.32 %, with an
average of 4.24 %. The samples of the flat plate (chapter 7.4.1) show a WC
reinforcement of 9.8 %. This difference could come from the susceptibility of
the liquid steel or the weld pool length during cladding as the transient thermal
profile is indicating. Both can be significantly influenced by the size of the
samples and its heat sink. Further analyses are necessary as the WC could

also be dissolved in the steel matrix.

A diamond grinding process of the second disc has been done by an external
company. The GTA clad disc with 640 mm outer diameter is displayed in figure
9-10. The cladding layer surface is visibly flat and the grinding dust has been

removed.
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Figure 9-10: Clad brake disc with 640 mm outer diameter after diamond grinding

Chapters 6 and 7 have shown cracks in the WC reinforced cladding layer.
Some cracks have also been found in the brake discs after GTA cladding. With
this in mind, a non-destructive crack testing was organised. The surface of the
640 mm outer diameter disc has been tested in full with the dye penetrant
inspection method. This method results in the full surface being covered with

white dye and a contrasting red dye marks the surface cracks or voids.
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Figure 9-11: Surface crack testing on the ground 640 mm outer diameter disc

(dye penetrant inspection)

Figure 9-11 shows a section of the dye penetrant inspection on the wear
surface. It is clearly presented that a large number of microcracks are in the
WC reinforced GTA cladding layer. The cracks are typically perpendicular to
the welding direction. Although the surface layer is designed for brake disc
application, the main focus of this work was to improve wear resistance. Crack
resistance or crack fatigue needs to be followed up in future work. Another
possibility for the future is to avoid cracks by a softer matrix material or a pre-
heated brake disc. Post process heat-treatment would not prevent cracks as
these were appearing already during the welding process. Another idea was
hot isostatic pressing of the premixed WC and matrix powder. However, this
will lead to a heat treatment of the full brake disc and, therefore, change the

properties of the high strength steel as a bulk material.
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A hardness test of the railway brake disc on the ground surface has been
executed to obtain a comparison with the samples generated in chapter 7.4. A

schematic drawing indicating the location of the hardness indentations is shown

in figure 9-12.

brake disc,
top view

side 1

brake disc,

side view — side 2

Figure 9-12: Schematic drawing of the location of the hardness indentations

according to Vickers on the ventilated brake disc

The hardness values are shown in figure 9-13. The number of eight
indentations was evenly distributed in a line over the wear surface of the 640
mm brake disc. This resulted in hardness indentations with a distance of 13.1
mm from the inner to the outer radius on both sides of the disc. As shown in

figure 9-13, the inner diameter is 404 mm and the outer diameter is 640 mm.
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Figure 9-13: Macro hardness test according to Vickers on the surface of the
ground cladding layer, ventilated 640 mm disc (results converted from Leeb
rebound HL measurements); inner diameter starts at 404 mm; outer diameter

ends at 640 mm; BM: base material hardness (as delivered)

The hardness test was done with a much greater load and the results are
indicating similar values to those in section 7.5.1 of chapter 7 for the matrix
material. The description of the Leeb rebound hardness tester is given in
Appendix I. The GTA clad disc increases hardness from 468HV to 640HYV in
the first 104.9 mm of the inner diameter (disc side 2). These are the four
measurements on both sides of the disc in the diameter from 404 mm to 508.9
mm, as presented in figure 9-13. Both sides of the brake disc cladding layer
indicate that this hardness increase is almost linear towards the middle of the
wear surface. This effect could come from the increase of the brake disc
temperature during the first welding rounds. A higher pre-heating temperature
could lead to a higher dissociation of WC particles and/or a wider weld pool size
with more WC powder incorporation. The hardness stays between 618HV and
693HV for the outer diameters from 508.9 mm to 640 mm. The average
hardness of the matrix for the WC PFR = 15 g/min in section 7.5.1 of chapter 7
was 604HV0.2. This is in the lower hardness range of the measured brake disc
surface hardness. The indentations on the brake disc surface were large

(macro hardness testing), therefore, they could be partially on the WC particles.
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An extract of the dynamometer test results as produced by the sponsor Faiveley

Transport Ltd. is given in Appendix K.

9.2 GTA cladding of an non-ventilated full-size brake disc

The two non-ventilated discs with an outer diameter of 460 mm were GTA clad
in a similar way to the 640 mm disc. The GTA cladding parameters were the
same and can be seen in table 9-1. As shown in figure 9-14, the TIG torch was

set up at the inner side of the disc as a starting point as well. The WC powder

feeding rate was reduced to 10 g/min to minimise cracking.

Figure 9-14: 460 mm railway brake disc (non-ventilated), disc with TIG torch in
start position for GTA cladding; 1. wear surface; 2: TIG torch; 3: clamping

system

Figure 9-15 illustrates the cladding of one WC reinforced surface layer. The
overview in figure 9-15 a) demonstrates the fully clad disc with the clamping

only from the inner side.
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Figure 9-15: 460 mm railway brake disc (non-ventilated), a) overview disc after
first cladding; b) quarter view after first cladding; 1: wear surface; 2: clamping
system; 3: radial cracks
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Figure 9-15 b) presents the WC reinforced cladding surface after brushing. It
can be seen that cracks have gone through from the inner side to the outer side
of the disc (see figure 9-15 b) 3). Further analysis of the cracks will be made

after diamond grinding.

e

Figure 9-16: 460 mm railway brake disc (non-ventilated), side view after first
cladding; 1: wear surface; 2: lifted disc due to distortion (red line indicates the

distance between the disc and the turntable)

Distortion of about 8 mm on the outer edge has been measured against the
turntable after the first WC reinforced cladding layer (Figure 9-16 2). Welding
of the second layer on the opposite wear surface of the disc bent the disc back
and removed the distortion. The bolts of the clamping system had to be
tightened after every round of cladding the disc. The disc was good enough to
be used in dynamometer testing. However, the high working process of
bending and back-bending could have raised the residual stress in the disc

significantly. The key welding values are:

e 1h 45 min arc on time

e 19 cladding rounds
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Microsections were prepared of one 460 mm outer diameter railway brake disc.
Therefore one brake disc has been cut and the other was sent for dynamometer
testing. A flatter GTAW surface layer has been achieved on the 460 mm outer

diameter brake disc than on the 640 mm disc. The full size microsection is

revealed in figure 9-17. It can be seen that the waviness is very low.

Figure 9-17: microsection of GTA cladding trial on 460 mm outer diameter
railway brake disc; yellow window: extract shown in figure 9-18; left: inner
diameter, start cladding; right: outer diameter, finish cladding

The reduction in WC powder feed rate did not affect significantly the WC
reinforcement. As seen in figure 9-18, the WC patrticles are also well distributed
in the GTAW surface layer. Diamond grinding was required to eliminate the

waviness of the disc and a 0.2 mm cladding layer was removed.
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Figure 9-18: extract of figure 9-17, microsection of the 460 mm brake disc

cladding layer, one welding trial; 1: functional graded layer; 2: HAZ; 3: WC
particles

The WC reinforcement of the 460 mm diameter railway brake disc was
measured at three different areas on the microsection. The measured values

are shown in table 9-3.
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Table 9-3: WC reinforcement measured in different cutting areas of the non-

ventilated brake disc

Cutting area - inner side  middle outer side

Layer serial
No.

- 03 to 05 091to 11 12t0 13

WC
reinforcement % 7.96 6.83 7.45
with peaks

WC
reinforcement % 8.68 7.20 8.06

useful area

WC reinforcement in the area measured with peaks indicates the lower
readings then the WC reinforcement in the useful area. This is beneficial as
only the useful area is used for braking. The values between 7.20 % and 8.68
% WC reinforcement in the useful area (Table 9-3) are up to 2.5 times higher
than the WC reinforcement in the ventilated brake disc (see table 9-2). To
remember: The WC powder feeding rate of the ventilated disc was as high as
15 g/min and from the non-ventilated disc was as low as 10 g/min. There is a
high probability that the shape of the discs, as well as the cooling vanes,
resulted in different cooling rates of the brake discs. Either the ratio of the WC
reinforcement to dissolved WC changed and/or the WC powder pick-up got
influenced by the cooling rate (weld pool size larger). Future work should
concentrate on different layouts of brake discs to confirm this behaviour of WC

reinforcement.

For the 460 mm outer diameter brake disc, a magnetic detection method for

surface cracks was chosen. A section of the disc is shown in figure 9-19.
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Figure 9-19: Surface crack testing on the ground 460 mm outer diameter brake

disc (magnetic crack detection); 1: wear surface; 2: radial cracks

Magnetic crack detection works by using a fluorescent liquid infused with ferritic
particles. If an electric current is applied to the brake disc, a magnetic field
results within the disc. This magnetic field has its highest magnetic force where
cracks appear. Therefore the fluorescent liquid concentrates along the cracks
and can be seen in contrast to the general surface in very thin lines. A photo
taken to visualise these lines, see figure 9-19 2, indicates some cracks
perpendicular to the rotation axis (welding direction). The cracks are similar to
the cracks discovered in the 640 mm outer diameter discs.

A hardness test of the railway brake disc on the ground surface has been
executed to obtain a comparison with the samples generated in chapter 7.4.
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The location of the hardness indentations are shown schematically in figure
9-20.

brake disc,
top view

side 1

v
brake disc,
side view R — side 2

Figure 9-20: Schematic drawing of the location of the hardness indentations

according to Vickers on the non-ventilated brake disc

The hardness values are shown in figure 9-21. The number of four indentations
was evenly distributed in a line over the wear surface of the 460 mm outer
diameter brake disc. This resulted in hardness indentations separated by a
distance of 16.5 mm from the inner to the outer radius. Additionally, the brake
disc was measured in four lines at 90° as shown in figure 9-20. The average
hardness was taken from the four radial locations for the same side (see figure
9-20).
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Figure 9-21: Macro hardness test according to Vickers on the surface of the
ground cladding layer, 460 mm disc, average of four measurements; BM: base

material hardness (as delivered)

As shown in figure 9-21 the inner diameter is 295 mm and the outer diameter
460 mm. The hardness test was done with a much greater load and the results
are indicating similar values to those in section 7.5.1 of chapter 7 for the matrix
material. The four values for each side are given in figure 9-21. The wear
surface reveals an evenly distributed hardness between 652HV0.2 and
695HV0.2 in the full range from 295 mm diameter to 490 mm diameter. There
are four measurements on both sides of the disc, as presented in figure 9-21.
The railway non-ventilated brake disc clad results in an evenly distributed
hardness. The average hardness for the WC PFR = 10 g/min in section 7.5.1
was 590HV0.2. This hardness is lower than the measured brake disc surface
hardness. Although these tests are on the surface layer, the increased
hardness on the brake disc could be an indication of residual stress coming
from the high bending load.

The dynamometer test was produced by the sponsor Faiveley Transport Ltd.

and an extract of the results is given in Appendix K.
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9.3 Summary

Dynamometer brake tests were planned with ventilated (with vanes) and
unventilated axle mounted discs. These are surface coated by the GTA
cladding process with WC ceramic powder feeding and wire matrix feeding.
The GTA cladding process was successfully carried out on two ventilated 640
mm outer diameter railway brake discs and two non-ventilated 460 mm outer
diameter railway brake discs. Welding parameters have been chosen similarly

to those for the overlap trials in section 7.1 of chapter 7.

The following results were found for the ventilated railway brake disc:

e The temperature profile of the 640 mm outer diameter disc indicates a
temperature of the bulk material between 92 °C and 109 °C. This is
significantly lower than that of the GTA cladding process of the POD
samples in section 8.1 of chapter 8, which can lead to a different
susceptibility of WC powder in these samples.

e One disc has been cut for microstructure analysis. A microsection of the
disc shows that the WC reinforcement particles are well distributed in the
surface layer.

e The measured WC reinforcement is between 3.44 % and 5.32 % area
fraction (measurement on microsection).

e The brake disc reveals microcracks in non-destructive testing (NDT) on
the wear surfaces.

e A hardness test on the cladding layer surface was done and the results
are indicating similar values to those in section 7.5.1 of chapter 7 for the
matrix material.

e The GTA clad disc (640 mm outer diameter) increases in hardness from
468HV to 640HYV in the first 52.5 mm of the inner diameter. After that the

hardness stays between 618HV and 693HV towards the outer diameter.
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The following results were found for the non-ventilated 460 mm railway

brake disc:

Distortion recognised during the GTA cladding of the 460 mm outer
diameter discs bent back with welding on the opposite side.

One disc has been cut for microstructure analysis. Similar to the
ventilated disc, a microsection of the disc shows that the WC
reinforcement particles are well distributed in the surface layer.

The WC reinforcement was measured with values between 7.20 % and
8.68 % area fraction (measurement on microsection).

The brake discs in all diameters reveal radial microcracks in non-
destructive testing (NDT) on the wear surfaces.

A hardness test on the cladding layer surface was done and the results
are indicating similar values to those in section 7.5.1 of chapter 7 for the
matrix material.

The wear surface of the 460 mm disc reveals an evenly distributed
hardness between 652HV0.2 and 695HV0.2.

The cracks and the observed disc thickness variation (DTV), as seen in

appendix K.3.2, could be reduced by adjustments to the GTA cladding

parameters. An important future role could be the choice of the matrix material

and pre-heating of the disc surface.

9.4 Conclusions

Following conclusions of the WC reinforced full-size railway brake disc cladding

can be drawn:

The GTA welding process of full-size discs was successful with the
parameters chosen. The WC reinforcement is well distributed in contrast
to the POD discs. Fine surface cracks have been observed on all discs
after grinding.

Distortion of the 460 mm outer diameter discs (non-ventilated) needs to
be controlled. The ventilated discs (630 mm outer diameter) are not
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showing recognisable distortion, which comes from the disc thickness

and additionally cooling of the vanes.
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10 Thesis summary
There are two distinct microstructures for wear resistant surfaces:

On one hand a ceramic phase in the form of particles in a metal matrix [38],
[67], [72] and on the other hand a fully dissolved ceramic phase building new
structures with the matrix [16], [26], [134]. Understanding the interaction of
ceramic particles and steel matrix is crucial when using low Cr and Ni steel

matrices.

Background of ceramic MMCs in braking applications

Surface cladding layers, built up with fully dissolved particles, resulting in a
hardness between the hardness of the matrix material and the hardness of the
ceramic used. Cladding layers with fully separated ceramic and matrix result in
a high hardness for the ceramic and a low hardness for the matrix. These
layers are known for their good wear resistance in braking. However, cladding
layers with ceramic inclusions are only known for Aluminium matrices [135]-
[137]. For railway brake discs, Al is hardly suitable because of the high braking
energies generated. Matrices for layers on steel are usually alloys of high Ni
content, Cr content or both (Inconel, Stellate)™. Ni and Cr in too high
concentrations are not allowed in brake discs because of health and

environmental issues regarding brake dust.

Decision for the GTAW process and SiC and WC ceramic

This work researches the ability to obtain a ceramic reinforced cladding layer
with low Cr and Ni content (under 3 wt% each) for railway brake discs. The
work focusses on the production and analysing of ceramic reinforced layers with
mild steel and high strength steel matrices. A pre-study of the GMAW process
for cladding indicated that surface layers less than 1.78 mm would not be
possible. This would be too high for the vision of a functional graded material
(FGM) with increasing ceramic content up to a thickness of 8 mm. The peak
layer height of 8 mm would only allow five layers to be built up. A GTAW

process with in situ matrix and ceramic powder mixing was chosen instead. SiC
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and WC ceramic powders were chosen for the investigation of the metal matrix

composite (MMC) surface layers.

Result of SiC for steel MMCs

A feasibility study with SiC ceramic powder in a GTAW process demonstrated
fully dissolved SiC ceramic, which built new structures with the steel matrix. The

hardness of the newly built structures is up to 1183HV0.5.

WC powder pick up in single bead cladding trials

In single bead cladding trials, WC powder was found to embed into the steel
matrix. It was confirmed that MMC structures are able to be built up with WC
and low mild alloy steel. An examination of Ar and He as a shielding gas was
launched and the outcome indicates that increasing He leads to increased
cracking. Further analysis provided evidence of dissolved WC in the steel
matrix. This led to the investigation of the matrix to obtain the full powder pick-
up during the GTA cladding process. The powder pick-up increases with the
WC powder feeding rate up to PFR = 40 g/min. After PFR = 40 g/min the
powder pick-up retains within a stable range. The powder pick-up contains two
components: WC reinforcement and dissolved WC. The dissolved WC in the
matrix increases in parallel with the WC reinforcement when WC powder feed
rate rises. Mid-range hardness values of the matrix with a maximum of
775HV0.2 were obtained.

Effect of WC in a steel matrix in overlap cladding trials

GTA cladding of overlap trials with WC powder and steel wire was successfully
conducted. The surface of the WC reinforced layers increases in waviness as
WC powder feeding rate rises. This effect could come from improving WC
feeding during constant welding power input. The heat input into the steel melt
could become too little for a certain amount of cold WC powder feeding. In that
case the melt pool solidifies too early for powder capture. Possibilities of
investigating this effect could be to pre-heat the WC powder or vary the power
of the welding process. If the cladding layer is measured in full (with the peaks

of the welding process), the WC reinforcement increases linearly with the WC
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powder feeding rate to 15.85 % WC reinforcement at PFR = 40 g/min. Higher
WC feeding rates show no significant improvement. Nevertheless, when only
the useful area (cladding layer without peaks) is considered, the WC
reinforcements increase to 17.48 % WC reinforcement at PFR = 80 g/min.

High W concentrations in the matrix indicated an even distribution of W in the
matrix. This confirms a constant dissociation process during GTA cladding. An
example of EBSD analysis with one sample gave the elementary structures in
the matrix out as Fe bcc, Fe fcc, FegWsC WC and W,C. However, a grid of
FesWeC is built throughout the matrix. Within the grid, the two steel phases are
Fe bcc (ferrite) and Fe fcc (austenite). The austenite phase increases in
proportion with the rise of WC powder feeding. This could lead to a formation of
martensite when deformed, known as the TRIP or TWIP effect. Nonetheless,
more investigations into this possibility are needed. Hardness testing of the
matrix shows the hardness in the range of 527HV0.2 and 757HV0.2 for all WC
powder feeding rates. In contrast, the hardness of the particles is much greater,
with values between 2137HV0.2 and 3036HV0.2 and a Young's Modulus
between 360 GPa and 385 GPa. Both matrix and particles show a huge
contrast to the brake disc steel with values between 370HV0.2 and 401HVO0.2.

Furthermore, the WC matrix hardness can be compared to the SiC matrix
hardness. A similar volume feeding rate must be found. SiC was only fed in
PFR = 22 g/min mass feeding rate, calculated over the density (see table 4-6), it
equals a WC mass feeding rate of about 112 g/min. The closed WC feeding
rate used in the experiments was 100 g/min. If the hardness is compared in

one graph the distribution is as followed in figure 10-1.
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Figure 10-1: Hardness Vickers distribution of the SiC and WC cladding layer 0
mm to 3.5 mm is from HAZ to clad surface; 0 to — 8.8 mm is through HAZ into
base material; SiC samples: tested with HV0.5, S275JR base plate, G4Sil wire
and PFR = 22 g/min; WC samples: tested with HV0.2, G-22 NiMoCr 5 6 base
plate, G89 6 M Mn4Ni2CrMo wire and PFR = 100 g/min

Figure 10-1 shows the significant difference of the hardness of the two base
materials with averages of about 171HV0.5 and 393HV0.2 for S275JR and G-
22 NiMoCr 5 6, respectively. The difference between the HAZ and the base
plate cannot be identified on the hardness distribution. There is a slightly
increase of hardness in the HAZ when looking closer to the clad for all samples
(between - 1 mm and O mm in figure 10-1). However, with the clad starting (O
mm distance in figure 10-1) the hardness of all samples expands significantly.
The matrix of SiC proliferates at strongest with peak values of 1028HV0.5 and
984HV0.5 (for Exp. 3 and Exp. 4 from chapter 5, respectively). Despite the high
strength wire and base material used for the WC clads the matrix of the WC
cladding trails does not reach the peak values of the SiC matrix. The clad in
single bead-on-plate (from section 6.3.2 of chapter 6) demonstrates a peak at
775HV0.2 (at 1.2 mm in figure 10-1) towards the clad surface. The peaks of the
matrix of the WC clads in overlap on a plate (from section 7.5.1 of chapter 7)
are higher than the single bead with 833HV0.2 and 929HVO0.2 at the start of the

plate as well as the end, respectively.
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The WC matrix is softer than the SiC matrix because of WC reinforcement still
existing in WC particle form. Lower WC feeding rates generate higher WC
penetration of the weld pool. Nevertheless, figure 7-17 shows that WC in
general delivers lower matrix values.

Effect of deposition arrangement

The progress of WC cladding layer size goes along the different, but still
interpedendent, chapters with WC powder usage. Scaling up the clad starts
from single bead-on-plate trials (see chapter 6) over overlap cladding of plates
(see chapter 7) and small scale Pin-on-Disc discs (see chapter 8) to cladding
layer on large 640 mm outer diameter railway brake discs (see chapter 9). A
comparison in WC reinforcement and matrix hardness was made for PFR = 15
g/min.

Figure 10-2 shows the average WC reinforcement for each development stage.

12 -

10 -

WC reinforcement (%)
o

Single bead Overlap clad POD disc ventilated brake disc

Figure 10-2: WC reinforcement comparison with PFR = 15 g/min, single bead
from section 6.3.1 of chapter 6, overlap clad is useful area from section 7.4.1 of
chapter 7, POD disc is average of area 3 and 4 of figure 8-8 from section 8.1 of
chapter 8, ventilated brake disc is the average of the useful area of the 640 mm
outer diameter brake disc in section 9.1 of chapter 9
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Hereby, the material or process parameter changes were not taken into
account. Only the area 3 and 4 of the measurements for the POD disc was
taken into account (see figure 8-8 from section 8.1 of chapter 8), knowing the
WC reinforcement has a gradient in the measurement areas. Single bead clads
and POD spiral welds indicate a medium WC reinforcement with 5.55 % and
5.48 %, respectively. The overlapping clads on brake disc parts points out the
highest average WC reinforcement with 9.78 %. The small sample area heated
quickly up when covered with multi-beads. This and the supporting bead on the
side helped to keep the WC particle retrieval high. In contrast to the
overlapping clads is the large 640 mm outer diameter railway brake disc. The
WC reinforcement was measured at three points and the average resulted in a
low of 4.24 %. The temperature of the disc heated up to a constant which was
too low to lengthen the weld pool enough. The PCE stayed low. But the
constant temperature and making cladding tracks round by round (without

break) hinders a gradient of WC reinforcement.

In summary, the different arrangements affect the thermal behaviour of the part,
which then affects the PCE. The general behaviour of the WC incorporation
(thus WC reinforcement) is there when you take into account the PCE.
Therefore, single bead developments can be used to explore the WC

reinforcement.

The matrix hardness of the cladding trails are illustrated in figure 10-3. A
hardness testing was not carried out on the POD disc trail. Similar parameters
in the comparison in figure 10-3 were the WC powder feeding rate with 15
g/min, the welding power (current and electrode to work piece distance (a)),
travel speed with 0.3 m/min, the wire feed speed with 1.5 m/min and the base
material G-22 NiMoCr 5 6.
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Figure 10-3: Hardness Vickers comparison of the average matrix hardness of a
clad with PFR = 15 g/min, single bead from section 6.3.2 of chapter 6, overlap
clad from section 7.5.1 of chapter 7, ventilated brake disc is the average of the
values between 508.9 mm and 640 mm diameter of figure 9-13 in section 9.1 of

chapter 9

As seen in figure 10-3, the matrix of the single bead clad turns out to have a
middle range hardness average with 587HV0.2. Its tolerance is small and
similar with the ventilated brake disc. The ventilated brake disc has
representative results in the outer diameters between 508.9 mm and 640 mm.
Despite of the G3Sil mild steel used for the disc, the measured average
hardness is the highest with 646HV. However, this could come from the use of
a macro hardness test instead of a micro hardness test and some WC particles
could be peripheral as well. The overlap clad has the lowest average hardness
with 549HV0.2, but the measurement is from the highest sample rate. The
tolerance increased with the number of samples measured. A higher WC
reinforcement and WC matrix content was measured for the overlap clads than
for the single beads. Contradicting, the average matrix hardness falls marginal
by 37HV0.2. This could come from the ratio of austenite to ferrite in the

microstructure. Austenite is softer; however, here it stands under stress and
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forms martentiste through plastic deformation. This theory needs to be followed

up in future work.

Wear performance of WC cladding layer

A tribology test performed on a Pin-on-Disc wear and friction machine
confirmed friction coefficients between p = 0.21 and p = 0.52. These were

achieved from different WC reinforcements, sliding speeds and pin pressures.

Cladding of real railway brake discs in two different sizes was successfully
accomplished. The friction coefficient of the POD test was confirmed by the
dynamometer testing with values between p = 0.33 and p = 0.46 (see Appendix

K). Further testing with different WC reinforcements is recommended.
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11 Conclusions and future work

This chapter is to summarise the conclusions drawn from each chapter and to

give suggestions for future research.

11.1 Conclusions

During the study of the surface layer reinforcement structure and tribology

testing, the following effects were seen:

Using SiC or WC as the reinforcement ceramic in steel matrices leads to
some dissolutions of the ceramic into the matrix. This leads to a
hardening of the matrix material.

Under these conditions SiC proved ineffective for this application as the
particles completely dissolved in the matrix with no original SiC particles
remaining in the bulk of the matrix.

For WC the material captured was split roughly 50/50 between dissolved
and reprecipitated material and WC particles.

The powder capture efficiency (PCE) was very dependent on the weld
pool size when using a constant powder feed position. If the thermal
conditions make the weld pool shorter, the PCE went down.

The total amount of WC incorporated in the weld increased with powder
feed rate until a certain value was reached. This is due to the effect of
cooling the weld pool by adding the powder leading to a reduction in the
PCE. This could be compensated for by increasing the heat input rate by
increasing the current or reducing the travel speed.

For large area cladding layers, the amount of incorporated WC would
increase with time as the component heated up. This can be
compensated by reducing the current or increasing the travel speed.

The measured friction coefficient of the clad layers is in the range that is
suitable for railway brake disc applications using standard brake pad

compositions.
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Cracking was observed in most samples with WC. This could be a
problem for industrial applications.

The summary of impact was derived from the objectives shown in chapter 2.1

and are presented as follows:

WC was identified as the best ceramic reinforcement out of the two
investigated.
The optimum welding process of these studied was GTAW.
Process parameters that affect the characteristics of the reinforcement
are:

o Current

o Voltage

o Electrode profile

o Geometric arrangement of powder and wire feeder
The microstructural characteristics of the layers were determined.
The friction coefficient of the layer was measured. It was not possible to
characterise the wear behaviour.

Cladding of a full size railway brake disc was demonstrated.

Contribution to science and knowledge

Studied a new process combined wire and powder feeding with a GTAW
heat source.

Studied the interaction of SIC/WC MMC’s with low Ni/Cr matrix materials.
Showed the importance of the thermal conditions on the PCE and how
that may change both for different arrangements and during cladding
over an extended period.

Observed the dissociation of the ceramics into the matrix and provided

analysis and interpretation of this effect.
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11.2 Future work

Deeper analysis of the mechanical properties and wear properties of the

hard surface generated with SiC on steel

To add to the knowledge of hard-surfacing with SiC on steel, the newly
structured surface layer made by the GTA cladding process should be extended
to full overlap trials. This would allow an evaluation of the mechanical
properties within the newly built structure and its usage for wear resistance
surfaces. A wear and friction test of the newly built structure could give the final

verification.

Change from GTA cladding to Plasma-transferred arc (PTA) cladding with

SiC ceramic as well as WC ceramic on steel

First autogenous PTA cladding trials have been performed with SiC on steel.

As seen in figure 11-1, there are some SiC particles bonded on the steel plate.

Figure 11-1: autogenous PTA cladding trial with SiC feeding on steel; 1: steel
base plate; 2: weld area; 3: HAZ; 4: bonded SiC particles; 5: steel and SiC mixed

Further investigation, with the addition of a matrix material, could lead to SiC
particles bonded in steel. This would be a fundamental change in MMC
cladding on steel. SiC is much cheaper and lighter than most ceramic particles

used for MMC cladding. The cost reduction could be enormous.
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Cladding with PTA has the potential to obtain low dilution and high deposition
rates. An investigation into PTA cladding with WC particles and low Ni and Cr
steel wire could have the potential to increase the productivity and quality of the
WC MMC ceramic layer. Lower dilution during the cladding process could

reduce cracking.

Variation of heat input during the GTA process to establish the

dissociation behaviour of WC in steel.

The amount of WC reinforcement and dissolved WC has been shown to be
similar in the cladding layer. The heat input of the GTA welding process could
be influenced to change the cooling curve. This could lead to either a higher
WC particle sinkage, or a higher WC reinforcement and lower dissolved WC.

The following GTA process parameters are to be investigated:

e vary the power of the welding process

e pre-heat the base plate (e.g. 50°C, 100°C, 150°C)

e pre-heat the WC powder in the hopper

e pre-heat the wire material using an induction heater

e vary the impingement point of WC powder into the melt pool

e use hot-wire TIG

A study in hot-wire TIG was done for higher deposition rates and higher layer
thicknesses [138]. This work could be adjusted for WC powder reinforcement of

steel matrices.

Investigation of the austenite phases in the steel matrix of WC reinforced

surface layers

WC reinforced surface layers made with medium or high WC powder feeding
rates show a large proportion of austenite phases in the matrix. This could lead
to a formation of martensite when deformed, known as the TRIP or TWIP effect.

This might give an additional strengthening effect to the matrix by forming
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martensite during deformation. A thorough investigation with tensile tests of the

different surface layers could explain this phenomenon.

Different matrix materials for ceramic MMC cladding have the potential of

cast iron cladding.

Railway brake discs are not always made of low carbon steel. Some of them
are made of cast iron. Improved wear resistance surfaces on cast iron discs
could keep the costs low and give the brake disc an improved lifetime.
However, cast iron tends to crack during welding. A feasibility study was
accomplished to understand the usage of different matrix materials such as Cu
[139].

1 e l‘ "s:*‘\‘
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Figure 11-2: GTA cladding trials with WC ceramic and Cu matrix on cast iron
[139]; 1: Spheroidal cast iron base material; 2: HAZ; 3: Melted cast iron; 4:

Mixture of cast iron and Cu matrix; 5: Particles of WC and graphite

Although Cu would be one possibility as a matrix material on cast iron, other
materials such as mild steel, aluminium or bronze need to be investigated.

Modelling of the thermal properties during braking could give an indicator of the

223



right choice of material. The weldability of each matrix material to the base also
needs to be examined. In the end, only wear and friction tests can determine

the best fitting surface layer for braking.

Advanced production of surface cladding layers on round shapes with

improved welding control

The POD test specimen surface layers were manufactured in a spiral weld.
Nevertheless, the WC reinforcement was not well distributed. On the other
hand, the brake disc surface layer was manufactured in overlapping cycles to
obtain a well distributed WC reinforcement. A sophisticated welding automation
with spiral shape welding could improve the layer's continuity and quality.
Necessarily, it would be an arc-voltage-control system and a more ridged holder

for the wire and powder feeder.

Dynamometer test regime with different ceramic surface cladding layers

In order to investigate the high wear loss observed in Appendix K, a full test
series with selected WC reinforcements of brake discs is necessary. The
surface cladding layer should be at least three layers high and a minimum of 10
different WC reinforcement area fractions need to be explored in the
dynamometer test. Only conventional pads are recommended to be used on
the layer to minimise hot spots and disc thickness variation (DTV). Two
different brake pads, one organic and one synthetic, should be considered for

each variation of WC reinforcement area fraction.

Furthermore, these dynamometer tests would also verify the crack resistance or

crack fatigue for the ceramic MMC reinforced surface layer.
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APPENDICES

The appendices below are essential material to the thesis. With the help of this

material all work can be followed up and explained.
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Appendix D Pre-study of Gas Metal Arc Welding for
cladding

This appendix is an examination to understand the physical limits of the GMA
welding process for cladding. It should only be seen as a short summary of a

Gas Metal Arc Welding process for cladding.

D.1 GMAW process parameters

The idea for the brake disc cladding was a FGM made of a ceramic
reinforcement in a steel matrix, whereby more matrix material in the first layer
should bring a strong metallurgical bonding on the base material. This is
already demonstrated in figure 4-1. An assumption of a minimum single layer
height of 1.0 mm has been made to give the necessary material composition
gradient. A study with a Gas Metal Arc Welding (GMAW) process and active
gas has been executed to understand the challenges of this minimum layer

height under the following conditions:

e Power source: Lincoln Electrics Power Wave 455/ STT

e Shielding gas: Ar/CO, (2.5%) BOC Specshield CO,/Ar mixture, see
appendix L.4, figure_apx I-14

¢ Gas flow (L/min): 15

e Base material: S275JR, see appendix L.1, figure I-1.

e Deposited material: EN 440.94 G3Sil (AWS:A5.18ER70S-6), see
appendix L.2.1, figure_apx I-5.

e Electrode diameter (mm): 1.0

e Torch angle: 90° (perpendicular to surface)

e TRIM value: 1.00

For the base material, a surface ground base with the following measurements

was used:

V=cXeXh (D-1)
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Whereby: V — volume
c, e — side of the plate
h — depth

e V (mm® =140 mm x 140 mm x 12 mm = 235200 mm?®

D.2 Experimental results

The variables were the travel speed (TS) and the wire feed speed to travel
speed ratio (WFS/TS).

WS ratio = W—FS (b-2)
TS TS
Whereby: TS — Travel speed
WFS — Wire feed speed
WFS/TSratio  — wire feed speed to travel speed ratio

The lowest bead layer height achieved with the GMAW welding system is 2.55
mm. A transverse cross section of the single weld bead was prepared and is
shown in figure_apx d-1. The travel speed was maintained at 0.7 m/min and
the WFS/TS ratio was 21.4.
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Figure_apx D-1: Single bead-on-plate GMAW weld

Important metallurgical parameters for cladding are the aspect ratio (AR) and
the dilution (DL), which are explained in depth in chapter 6. The aspect ratio of
AR = 0.132 and the dilution of DL = 0.375 are promising although the values are
relatively low. A cladding trial of five overlaps was tested. Figure_apx D-2
illustrates the overlap clads achieved with the GMAW welding process. The
first weld has a straight half-round shape, whereby the following welds are

leaned against the first and stay in an incline.
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Figure_apx D-2: GMAW overlap welds with an offset of 3 mm; weld 1 (first) and

weld 5 (last) are marked

The surface of the cladding trial shows a small waviness which causes a low
effort in post-processing, e.g. flat grinding, for a smooth surface. A high

deposition rate of 370 g/min was achieved from a wire only deposition.

D.3 Discussion

Despite the achievements, a deeper literature research confirmed a layer height
of 1.0 mm is difficult to accomplish [140]. Almeida clarifies in his thesis that the
minimum layer height reached with the Lincoln Electrics Power Wave 455 / STT
was 1.78 mm [141]. His WFS/TS ratio was WFS/TS = 10 with a wire feed
speed of WFS = 8 m/min. The WFS/TS ratio of WFS/TS = 21.4 has therefore
been chosen for a high deposition rate. Even with a power source proposed for
cladding, the Fronius CMT, a layer height of minimum 1.96 mm was
accomplished [141]. Thus it was not possible to achieve the assumption made.
GTAW is known as a welding process with wire feed speed independent from

the welding power. Therefore it should be possible to reach lower layer heights.
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D.4 Conclusion

Functional graded structures need low cladding layer heights, therefore the
GMAW and GTAW processes were tested. Minimum layer heights of 1.78 mm
can be achieved with the GMAW process. Nevertheless, with the GTAW
process layer heights lower than that are achievable, as the current and voltage

are controlled independently from the wire feed speed.
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Appendix E Calibration of the motion axis

The distances on the 5-axis rig shown in figure 4-2 b) are driven and controlled
by a Trio Motion controller. Torque is given on the axis by stepper motors for
movements. Stepper motors have a set of steps for one rotation which give an
accurate drive of the axle to a certain point. For this movement, the number of
steps for a specific distance must be measured and entered into the motion
coordinator. On the 5-axis rig the Motion Coordinator MC216 from Trio Motion
is mounted. The software of the system is “Motion Perfect’, also from Trio
Motion. The following program code has been introduced in the “start-up”

program to maintain the correct distance:

Linear axis
BASE(2) - Axle number
SERVO=OFF - AXis is in run open loop

UNITS = 3210 ' steps/mm —> 3210 steps (or units) are 1 mm

SPEED=5 - demand speed in units per second
ACC(500) —> acceleration in units per second square
DEC(500) -> deceleration in units per second square

Rotating axis

BASE(3) - Axle number

SERVO=0FF —> AXis is run in open loop

UNITS=11870 'rpm - 11870 steps (or units) are 1 round
SPEED=5 - demand speed in units per second
ACC(50) —> acceleration in units per second square
DEC(50) —> deceleration in units per second square

Travel speeds are obtained over the motion controller. This adjustment makes it

possible to operate the axis at a constant speed for a set distance.

247






Appendix F Calculation of the error bar

For statistical analysis, the standard derivation was used to calculate the error
of the measurements. The standard deviation of a set of numbers {xi, X2, ..., Xn}

is:

. (F-3)
D, = |— 1;@@- - m(x)? (Dn >=0)

Whereby:

D, - is the standard deviation,
n — number of data elements
Xi - Is the data element, and

m(X) - is the chosen measure of central tendency of the data set — here the

arithmetic mean.

The standard derivation approves a respectable error bar for the experiments

made.
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Appendix G Cross section sample preparation and light
microscope tolerances

All cross section samples were prepared according to the standardised method

described here. The preparation and analysis is sectioned into the following:

e Cross section sample preparation
e Light microscope and its tolerances
e Single weld bead sample analysis

e Multi-bead overlap clad analysis

G.1 Cross section sample preparation

Sectioning for microsections needs to be done with care. Overheating of the
cutting face can cause microstructure changes and, therefore, misleading
results. This was prevented by the use of the correct cutting speed, load and
coolant. A rubber bonded abrasive SiC cutting-wheel (MetPrep Type T) was
recommended for samples with carbide inclusions. This cutting wheel was
used for all samples. After sectioning the samples out of the areas described in
the chapters 5, 6, 7 and 9 above, the samples were usually mounted into resin.
The epoxy resin is there to fix the samples tilted on the cross section and to
give every sample a standard shape. Large samples (above 40 mm longest
length) were prepared in un-mounted condition. Grinding of the samples was
obtained to reduce the surface roughness. For this task, the following rotating

grinding and polishing machine was used:

e Make: Buehler
e Model: Metaserv Cross Section Polisher

e with Motopol

The Metaserv machine can rotate the grinding disc and the sample holder in the
same direction or opposite. Cooling water can be supplied when the lubrication
is too low. The following table shows the grinding stages:
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Table_apx G-1: Grinding stages of cross section preparation

Stage Grinding Rotating Water grinding sample typical

paper direction cooling disc speed holder force duration

- mesh - - rpm N min
1 P120 opposite On 150 — 180 89-178 3
2 P120 opposite On 150 - 180 89-178 3
3 P120 opposite On 150 — 180 89-178 3
4 P220 opposite On 150 - 180 89-178 3
5 P1000 opposite On 150 - 180 89-178 3

Cleaning of the sample and sample holder with water was necessary after every
stage. This prevented contamination of the next stage with grinding particles
and carbides. Additional examination under the microscope can ensure that
particles are removed and sawing or grinding grooves from the former stage are
removed. Stage one, two and three are the same. However, it was found that
strict water cleaning at this stage helped significantly to reduce further
scratches. The grinding paper was changed as soon as it was worn out or after

each stage.

The next step was polishing the surface down to a surface roughness with
scratches of a maximum width of 3 um. This is necessary to get a clear picture
of the microstructure. Polishing was utilised on the same machine after

thorough cleaning. The following parameters were used:

e Polishing disc cloth: Struers MD-Dur

e Polishing suspension: MetPrep diamond compound in disposable
syringes, size 3 um, green

¢ Rotating direction: same direction

e Lubrication / cooling: MetPrep diamond lubricant, alcohol base, blue

e Grinding disc speed: 110 rpm — 140 rpm
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e Sample holder force: 89 N — 133 N

e Typical duration: 1 min — 2 min

After polishing, the following activities were: cleaning with water and cotton
wool, drying with isopropanol and a hot air stream. Sometimes the polishing
had to be repeated for up to five times. The samples were ready if unetched
samples were required. Otherwise a 1 min etching with 2 % nitric acid (HNO3)
in alcohol was utilised.

G.2 Light microscope and its tolerances

Microscopic images were captured with the following light microscope:
¢ Nikon Optiphot-66 optical microscope
¢ Qimaging Go-3-CLR-10 high-resolution digital colour CMOS camera

e AcQuis image acquisition software for microscopy (version 4.01.10) from

Syncroscopy.

The tolerances were measured and the results depend on the objective lens of

the revolver. The following results are achieved:

Table_apx G-2: Light microscope tolerances for each objective lens

lens tolerance
- um

2.5X +3

5 X 2

10 x 1

20 x +0.5

40 x +0.5
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G.3 Single weld bead sample analysis

Cross-sectional cuts through single weld bead were photographed at 2.5 times
magnification under the light microscope described in section G.2. A single
weld bead usually has a larger profile than the area visible in the microscope.
Therefore, several photos had to be taken in a planar area without refocussing
to stich them together to one image. The stitching was performed with the

Microsoft Image Composite Editor software (Version 1.4.4.0). An example of

the stitching can be seen in Figure_apx G-1.

Figure_apx G-1: Single bead stitching of three microscope images; a) left side of
the weld bead; b) middle of the weld bead; c) right side of the weld bead; d)

result of stitching with Microsoft Image Composite Editor software

The dimensions, as described in chapter 6 section 6.2.2, are measured on the
stitched images with the software AxioVision (Version: AxioVs 40 V 4.8.2.0)

from Carl Zeiss Microlmaging GmbH.
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G.4 Multi-bead overlap clad analysis

A clad area with overlapping weld beads was measured for its dimensions by
imaging software. Microsections were taken and prepared as described in
section G.1. Photos of the full sample were taken with the microscope detailed
in section G.2 at 2.5 times magnification. The photos were stitched together
with the method described in section G.3. The measurements of the

dimensions were made similar to the analysis of single weld bead. An example

of the measurement is shown in Figure_apx G-2.

Figure_apx G-2: Multi-bead overlap clad with dimension measurements

The software AxioVision (Version: AxioVs 40 V 4.8.2.0) from Carl Zeiss
Microlmaging GmbH was used to get the dimensions of lengths and areas.
These were given in a spreadsheet by the program and were used in the

calculations as described in each relevant chapter of the thesis.
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Appendix H Scanning Electron Microscope and its
detection sensors

A Scanning Electron Microscope (SEM) was used to take some images and
analyse the chemical elements and elementary cells of selected areas of

specimen. The following detection sensors were used:

e Secondary electron detector for imaging
e Energy-dispersive X-ray detector for EDS chemical element
analysis

e Electron backscatter diffraction detector for crystallographic analysis
of elementary cells.

The specimens were prepared as described in section G.1 of chapter Appendix
G.

The SEM used was the following:

e Environmental Scanning Electron Microscope FEI XL30 from Philips

e EDS hardware is Oxford Instruments, Swift-ED, model 6650 with the
software Aztec

e EBSD hardware is Oxford Instruments, NordlysNano EBSD detector with
the software AZtecHKL EBSD.

SEM images were made in High Vac mode (high vacuum) and with a working
distance of 10 mm. The resolution of images made by the secondary electron
detector is dependent on the voltage (usually 20kV), the spot size, and scan
speed used. The highest resolution which can be achieved is 20nm in High Vac
mode and 100nm in ESEM mode. The same parameters influence the
tolerance of EDS analysis. Additionally, the analysis dead time has an
important influence and was set at 100 s for all analysis. However, chemical
elements with a presence of <0.1 wt% are difficult to resolve against the

background noise and can be seen as the limit of the detector.

The EBSD detector had to be calibrated for the elementary cells to be analysed.
This is explained in section H.1 below.
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H.1 EBSD detector calibration

Electron backscatter diffraction (EBSD) scan is done at selected points. Some
assumptions had to be made prior to the EBSD detector calibration to limit the
factors of the calibration. The focus of the EBSD scan is on the microstructure
of the matrix of the WC cladding layer in overlap. It was proven that WC
particles partially dissolve in the Fe matrix during GTAW cladding. The EBSD
scan should give the structure in which W and C builds up in the matrix during

solidification and cooling down.

Before any EBSD scan could happen, the Densities of Electronic States at the
Fermi Level of each phase to be investigated had to be found. This background
data had been originated for the phases Fe bcc (body-centred cubic iron,
Ferrite), Fe fcc (face-centered cubic iron, Austenite), FesWsC, FesWsC, WC and
W-,C [41], [123]. The crystal structure and the lattice spacing distance can be
obtained from the literature. Figure_apx H-1 shows the crystal structure of Fe
bcc, Fe fcc, WC, W,C, FesW;C and FegWsC.
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Figure_apx H-1: Crystal structures of possible Fe-W-C combinations; a) Fe bcc
[122]; b) Fe fcc [122]; ¢) WC [123]; d) Fe3W3C [123]; e) W2C [124]; f) Fe6W6C [123]
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The crystal structure and lattice spacing distance are used afterwards to obtain

a calibration diffraction pattern. The calibration images can be seen in

Figure_apx H-2.

Figure_apx H-2: EBSD calibration diffraction pattern on different phases; a) Fe
bce; b) FesWeC; ¢) WC; d) W,C

The calibration diffraction pattern enabled the EBSD detector to identify the
phases which were measured by quantity and location. A coloured picture
gives an overview of the majority of elementary cells in each location.
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Appendix | Hardness testing equipment

The hardness tests in this thesis were performed according to Vickers and

Leeb. The following testing equipment was used:

e Hardness Vickers tester: ZHV1 micro-hardness tester from Zwick Roell
with the hardware and software C.A.M.S. with traverse options (Version:
C.A.M.S._Win V.3.2) from Newage Testing Instruments, Inc..

e Leeb rebound tester: MH310, portable hardness tester from Mitech Co.
Ltd..

The micro-hardness tester according to Vickers was tested for its tolerance.
The results are shown in section I.1 below. Whereby, the Leeb rebound tester
had a hardness measurement range between 170HLD and 960HLD and an
accuracy of *4HLD, which equals *5HRC or +1HB according to the

specification.

|.1 Hardness Vickers machine tolerance

The micro-hardness tester ZHV1 from Zwick Roell for tests according to Vickers
was examined on its tolerance. For this was a standardised test plate used
which had a certified hardness of 356.1HV1. The plate was tested with a load
of 0.2 kg to keep the tolerance test consistent with the measurements in this

thesis. The 24 indentations made are shown in Figure_apx I-1.
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Figure_apx I-1: Hardness Vickers tolerance test against a certified plate with
356.1HV1.

As shown in Figure_apx I-1, the average of the measurements (green line) is
348.5HV0.2. The standard derivation of the measurements is 10HV0.2. It
shows the spreading of the hardness measurements. Therefore, the standard
derivation is shown as a positive and negative value from the average in
Figure_apx I-1 in yellow. The plate value is shown as a red line in Figure_apx

I-1 and is 7.6HV above the average value measured.
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Appendix J Overview overlap clad surface increased
WC feed rate

The cladding trails in overlap from chapter 7 section 7.2 are given in enlarged
figures in this section. This can make the surface description in table 7-1
clearer to the reader and may point out important parts not seen on the small
images.
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Figure_apx J-1: Cladding trial in overlap; a) PFR = 0 g/min; b) magnified image of
a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last weld; 4:
finish of last weld; red arrow: welding direction
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Figure_apx J-2: Cladding trial in overlap; a) PFR =5 g/min; b) magnified image of
a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last weld; 4:
finish of last weld; red arrow: welding direction
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Figure_apx J-3: Cladding trial in overlap; a) PFR = 10 g/min; b) magnified image

of a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;
4: finish of last weld; red arrow: welding direction
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Figure_apx J-4: Cladding trial in overlap; a) PFR = 15 g/min; b) magnified image
of a); 1. Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;

4: finish of last weld; red arrow: welding direction; yellow arrows: check cracks
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Figure_apx J-5: Cladding trial in overlap; a) PFR = 20 g/min; b) magnified image
of a) beginning; c) magnified image of a) finish; 1: Beginning of first weld; 2:
finish of first weld; 3: beginning of last weld; 4: finish of last weld; red arrow:

welding direction; yellow arrows: check cracks
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Figure_apx J-6: Cladding trial in overlap; a) PFR = 25 g/min; b) magnified image
of a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;

4: finish of last weld; red arrow: welding direction
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Figure_apx J-7: Cladding trial in overlap; a) PFR = 40 g/min; b) magnified image
of a); 1. Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;
4: finish of last weld; 5: unconfined WC powder; red arrow: welding direction
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Figure_apx J-8: Cladding trial in overlap; a) PFR = 60 g/min; b) magnified image
of a); 1. Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;

4: finish of last weld; red arrow: welding direction
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Figure_apx J-9: Cladding trial in overlap; a) PFR = 80 g/min; b) magnified image
of a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last weld;
4: finish of last weld; 6: bond and sputtered WC powder; red arrow: welding

direction
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Figure_apx J-10: Cladding trial in overlap; a) PFR = 100 g/min; b) magnified
image of a); 1: Beginning of first weld; 2: finish of first weld; 3: beginning of last
weld; 4: finish of last weld; 7: very wavy surface; red arrow: welding direction
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Appendix K Full-size railway brake disc dynamometer
prototype testing

WC reinforcement as a wear resistant layer is well known [26], [48], [132].
Nevertheless, new approaches for the WC reinforcement layers include: round,
atomised WC particles (instead of broken WC) in low Ni content matrix and the
use of the GTAW process. Additionally, WC reinforcement surface layers have
never been tested for brake discs. The previous POD test offers the potential
for using WC as reinforcement. One of the main reasons for a large scale
GTAW test is to observe the issues associated in producing the prototype, i.e.
GTAW process with wire and powder. This complex set up could lead to
different problems when a design geometry structure, such as a railway brake
disc, is clad. This is especially the case if the area of the disc is significantly
larger than the single bead trials in chapter 6 and the overlap trials in chapter 7.
These tests are set as an initial trial to determine the feasibility of the WC

reinforced surface layer on brake discs.

K.1 Selection of prototype full-size brake disc

In the railway industry, axle mounted and wheel mounted brake discs are
commonly used. However, in the dynamometer test, only axle mounted brake
discs are tested. Therefore the discs have two wear surfaces. Axle mounted
brake discs are produced with and without ventilation. According to some
previous investigations by Angelinas, the thermo-mechanical behaviour of
ventilated (with vanes) and unventilated discs are significantly different [119],
[121], [133]. Dynamometer brake tests were planned with both kinds of discs.
The GTAW process and its achievement are refined in chapter 9. The GTAW
process will also be compared with a Laser based cladding process which is
fully powder based. Hereby, the matrix material and the reinforcement material
(WC) are powder. This prototype development was done at LCT Laser

Cladding Technology Ltd.. The railway brake disc clad with the laser cladding
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process has an evenly distributed hardness between 592HV and 700HV. The

following train brake discs were clad for dynamometer testing:

e A 640 mm outer diameter disc, ventilated; GTAW process with PFR = 15
g/min;

e A 640 mm outer diameter disc, ventilated; Laser cladding process,
powder based, approx. 10 vol % WC powder reinforcement in steel
powder matrix;

e A 460 mm outer diameter discs, unventilated; GTAW process with PFR =

10 g/min.

K.2 Full size dynamometer test rig

A dynamometer test rig is a machine which simulates the train on a journey. A
railway carriage axle is driven over an engine, gear box and fly wheel. The
brake disc is fixed on the axle. A normal braking operation is simulated with a
calliper and brake pads apply force to the brake disc. Adjustable parameters
are usually starting speed, deceleration (or brake force) and air cooling flow.
The small disc dynamometer test rig has only an axle without wheels and is

shown in figure_apx k-1.

Figure_apx K-1: Brake disc dynamometer test rig for 460 mm brake discs
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In figure_apx k-1, a 460 mm brake disc is mounted on the test rig. Rubbing
thermocouples can also be applied to measure the surface temperature. The
brake disc dynamometer for 460 mm outer diameter brake discs has the

following key parameters:

e Input power: 132 kw
e Brake force setting: 0 N to 100.000 N
e Maximum rotation speed: 2700 rpm

e Maximum linear speed: 54 m/s (194.4 km/h)

The brake disc dynamometer test rig for the 640 mm outer diameter brake discs
is principally the same. However, it has a slight adjustment in the way that it
holds a full train axle with wheels. This axle can load up to three axle mounted
brake discs. The test is performed in steps. Every brake disc is tested

separately from each other to exclude interference of the braking results.

K.3 Dynamometer test results

A typical dynamometer test programme was chosen in order to obtain

comparable results.

K.3.1 Dynamometer testing of ventilated brake discs

The 640 mm outer diameter test sequence for ventilated discs has been given
and the results are described as follows. Speeds for the braking operation start
have been set for high speed trains. Two different pad materials have been
selected. Firstly, a pad called Pagid P40 was decided as it comes from a
research series. This pad runs only at the first testing cycle. The second pad is
a commonly used railway brake pad called BM47NT. It runs over cycles 2 to 5.
All pads need bedding cycles before the testing cycles. Three brake discs have
been tested in one test. A comparison 15CDV6 brake disc and the laser clad
disc as well as the GTA clad disc were set up on one axle. The full

dynamometer test sequence is given in table_apx k-3.
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Table_apx K-3: Dynamometer test sequence for the 640 mm outer diameter brake

discs
Test Disc+Pad1l Disc+Pad2 Disc+ Pad3
4 Cycles 15CDV6 Laser clad GTA clad
bedding BM47NT Pagid P40 Pagid P40
1 Cycle brake 15CDV6 Laser clad GTA clad
testing BM47NT Pagid P40 Pagid P40
New Pads on all discs

2 Cycles 15CDV6 Laser clad GTA clad
bedding BMA47NT BMA47NT BMA47NT
4 Cycles brake 15CDV6 Laser clad GTA clad
testing BM47NT Pagid P40 Pagid P40

The bedding cycles were driven with moderate speed and low brake force. The

brake test cycles were driven with 30 brakes for different speeds. The four

speeds for each cycle were:

120 km/h
160 km/h
200 km/h

250 km/h.

Deceleration values between 0.5 m/s? and 1.0 m/s® have been chosen

according to a real travel route. The average friction coefficient for the bedding

cycles are presented in figure_apx k-2.
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Figure_apx K-2: Friction coefficient (u) measured during bedding; a) First
bedding with four cycles; b) Second bedding with two cycles

In general, a typical friction coefficient of approx. p = 0.30 to p = 0.40 is defined
by brake manufacturers as a good frictional performance [121]. The bedding
revealed lower friction coefficients for the WC reinforced discs with the Pagid
P40 pad than the comparison disc, as exhibited in figure_apx k-2 a). However,
the Pagid P40 pad was not used on the 15CDV6 because it has been designed
for ceramic brake discs. All brake discs performed well according to the
manufacturer’'s recommendation and revealed values between p=0.33 and p =
0.40 in the first bedding. The second bedding was done after the first cycle. It
became necessary because of the use of new pairs of brake pads on each disc.
The new brake pads were the commonly used BM47NT railway brake pads.
The second bedding, shown in figure_apx k-2 b), indicates a slightly higher
friction coefficient for the WC reinforced discs. The 15CDV6 comparison disc
was performed with a friction coefficient of u = 0.37 within the given
manufacturer’s range. Measurements of the friction coefficient were seen out of
range with values of u = 0.42 and 0.44 for the laser clad and GTA clad discs,
respectively. This could come from the use of the research pad Pagid P40 in

the first bedding and test cycle.

A detailed view of the average friction coefficient of cycle 1 is given in
figure_apx k-3. Cycle 1 was the brake tests with the Pagid P40 pad on the

ceramic reinforced brake discs.
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Figure_apx K-3: First brake cycle; reference disc with sintered pad, clad discs

with ceramic pad

Within cycle 1, there were brake tests with starting speeds of 120 km/h, 160
km/h, 200 km/h and 250 km/h. These speeds were braked down in different
deceleration stages. An average friction coefficient for all stages of deceleration
is shown in figure_apx k-3. It becomes clear that the lower starting speeds of
120 km/h and 160 km/h result in lower average friction coefficients, whereas,
the higher starting speeds of 200 km/h and 250 km/h result in high friction
coefficients. Almost all of them are outside the manufacturer's recommended
range. The brake disc testing for the low speeds (120 km/h and 160 km/h) for
the 15CDV6 comparison brake disc with the BM47NT pad, exhibited friction
coefficients of y = 0.37 and y = 0.40. This is within the manufacturer’s general
guidelines. However, the same friction pair reveals friction coefficients of pu =
0.38 and p = 0.43 with 200 km/h and 250 km/h, respectively. The higher speed
of 250 km/h generates a friction coefficient which is just outside the
manufacturer's recommendation. The difference of the friction coefficient
becomes greater for low and high speeds when looking at the WC reinforced
discs. The low speeds of 120 km/h and 160 km/h indicate a friction coefficient
within the guidelines. The laser clad disc shows a friction coefficient of p = 0.32
and p = 0.33, respectively and the GTA clad disc shows p = 0.34 for both low
speeds. On the other hand, the results of the high speeds of 200 km/h and 250

km/h gave friction coefficients just above the guidelines for good friction
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performance, whereas, the laser clad and GTA clad performed with the same
friction coefficient of p = 0.41 for the 200 km/h examinations. In the tests with a
starting speed of 250 km/h, the friction coefficient was slightly different for the
laser clad and GTA clad disc with pu = 0.45 and 0.46, respectively.

Furthermore, braking tests continued with new BM47NT pads on all three discs
after bedding. The average friction coefficient of the second dynamometer test

cycle is shown in figure_apx k-4.
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Figure_apx K-4: Second brake cycle; all discs with sintered pad

In contrast to the first cycle, the friction coefficient increases for lower speeds of
all three discs. The 15CDV6 comparison brake disc indicates a similar friction
coefficient for the speeds 120 km/h, 160 km/h and 200 km/h in the range of p =
0.37 and p = 0.38. Only the tests with 250 km/h present a high average friction
coefficient of u = 0.45 for the 15CVD6 disc. The WC reinforcement with the
laser cladding method shows a friction coefficient of p = 0.40, u = 0.38, u = 0.42
and p = 0.45 for the speeds 120 km/h, 160 km/h, 200 km/h and 250 km/h,
respectively. Therefore the lower speeds are just inside the guideline of approx.
p = 0.30 to u = 0.40 and the higher speeds of 200 km/h and 250 km/h generate
values just above the guideline of the friction coefficient. A different pattern is

shown from the GTA clad brake disc. The brake test generates friction
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coefficient results between p = 0.44 and p = 0.45 for the starting speeds of 120
km/h, 200 km/h and 250 km/h. The only friction coefficient under p = 0.40 was
recorded from the brake starting speed of 160 km/h with p = 0.39.

Angelinas shows in his parallel works that cooling of the discs is very important
[121], [142]. The design of the disc, together with the shape and order of the
disc vanes, needs to be checked for good or bad conclusions of wear rate from
a ceramic layer.

The aim of the project was to build up a ceramic metal matrix composite as a
surface layer for improved wear resistance. To determine the wear resistance,
the wear loss in volume of worn material has been measured. An improvement
can be seen if the braking energy absorbed by the disc increases with the wear
loss volume. Figure_apx K-5 illustrates absorbed energy per volume loss for
the three discs. The first cycle with the Pagid P40 pad was separated from the
following cycles, and tested with the BM47NT pad.
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Figure_apx K-5: Wear loss for the separate discs in energy consumption per

volume loss

The basic trend for the first cycle and the other cycles is the same. The energy
absorbed per volume loss is the highest with the 15CDV6 brake disc while the
WC reinforced discs show about 10 times worse results. The laser clad disc
runs a little bit better than the GTA clad disc with the Pagid P40 pad. The
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absorbed energy was 50 MJ/cm?, which is 8 MJ/cm® higher. However, the GTA
clad disc absorbed more energy than the laser clad disc with the BM47NT pad.
The GTA clad disc absorbed 503 MJ/cm?® over four cycles compared to 421
MJ/cm?® for the laser clad disc for the same number of braking cycles. The
difference from the 15CDV6 comparison disc is still very high. The 15CDV6
disc exhibited an energy absorption of 742 MJ/cm?® for the first braking cycle

and 9408 MJ/cm? for the following four cycles.

K.3.2 Dynamometer testing of non-ventilated brake discs

The 460 mm outer diameter disc test sequence was not provided by the
sponsor. However, the wear pattern is still seen on the unventilated railway
brake disc. The GTA cladding was done with PFR = 10 g/min. Figure_apx K-6
shows a section of the disc after the dynamometer brake disc testing from both
sides. It can clearly be seen that the brake disc becomes wavy on the wear
surface when in use. This effect is known as disc thickness variation (DTV).

The peaks and valleys are more intense towards the outer diameter.
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Figure_apx K-6: Surface of the 460 mm outer diameter brake disc after
dynamometer testing; a) Side 1; b) Side 2

On side 1 (Figure_apx K-6 a)) radial surface cracks are macroscopic visible.
The mircocracks found in section 9.2 of chapter 9 (Figure 9-19) have probably
been opened up during the braking cycles. The opposite side (Figure_apx K-6
b)) does not show visible cracks. However, the DTV is more intense here.

DTV can cause judder which can lead to excessive problems in the brake

system. This could come from a non-optimised surface cladding.

The cladding of the disc is feasible as the surface layer does not peel off.
Nevertheless, more dynamometer examination with different WC reinforcement

volume fractions and matrix combinations (high strength wire, mild steel wire)
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needs to be done to understand the process window for optimised braking

parameters.

K.4 Summary

Dynamometer brake tests have been executed with ventilated (with vanes) and
unventilated axle mounted discs. These are surface coated by the GTA
cladding process with WC ceramic powder feeding and wire matrix feeding.
The GTAW process is also compared with a laser based cladding process
which is fully powder based. Braking operations with low starting speeds (120
km/h and 160 km/h) and Pagid P40 pads show friction coefficients within the
manufacturer's guidelines. The results for the WC reinforced discs were
between p = 0.32 and p = 0.34 regardless of the cladding process. On the
other hand, the results of the high speeds of 200 km/h and 250 km/h with
friction coefficients between p = 0.41 and p = 0.46 were just above the
guidelines for good friction performance. However, the laser clad and GTA clad
performed slightly differently from the laser clad and GTA clad disc with p =
0.45 and 0.46, respectively.

When changing to the BM47NT pad, the WC reinforcement with the laser
cladding method shows a friction coefficient of p = 0.40, u = 0.38, p = 0.42 and
MU = 0.45 for the speeds 120 km/h, 160 km/h, 200 km/h and 250 km/h,
respectively. Therefore the lower speeds are just inside the guideline of approx.
p = 0.30 to p = 0.40 and the higher speeds of 200 km/h and 250 km/h generate
values just above the guideline of the friction coefficient. The GTA clad brake
disc generates friction coefficient results between p = 0.44 and p = 0.45 for the
starting speeds of 120 km/h, 200 km/h and 250 km/h. The starting speed of
160 km/h for brake testing disclosed a friction coefficient of p = 0.39, which was

the only friction coefficient below p = 0.40.

Wear results exposed a bad result for the clad discs. The energy absorbed per
volume loss is as high as the 15CDV6 brake disc and the WC reinforced discs

show about 10 times worse results. This is regardless of the cladding process
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method or pad material. However, the discs have been tested with the research
pad material Pagid P40 first. This pad is designed for 100 % ceramic brake
discs. Only 2.47 % to 5.53 % WC ceramic reinforcement is actually present in
the case of the cladding layer. Braking with these pads could therefore lead to
locally overheated areas (hot-spots). The WC reinforcement has probably
reacted with the pad and/or matrix material and could not perform as expected.
Dynamometer brake tests with softer pad material on clad layers would give an
indication. However, only a microsection through the worn disc would provide
evidence. The cracks and the observed disc thickness variation (DTV) can be
reduced by adjustments to the GTA cladding parameters. An important role
could be the choice of the matrix material and pre-heating of the disc surface
prior to welding.

A far too aggressive pad used in the first cycle might have damaged the surface
cladding layer. Further dynamometer testing with different WC reinforcements
is recommended in order to find the reason of decreasing wear resistance when

the brake discs are clad.

K.5 Conclusions

Dynamometer brake testing of the WC reinforced discs leads to the following
résume:
e The braking with the Pagid P40 pads and low speeds performed well, but
high speeds resulted in high friction coefficients;
e Braking with the BM47NT pad and the GTA clad disc resulted in too high
friction coefficients for nearly all speeds;
e Wear on the WC reinforced discs was severe and could not compete
with the comparison disc;
e The laser clad disc indicated less wear than the GTA clad disc with the
Pagid P 40 pads. However, the GTA clad disc indicated less wear with
the BM47NT pad;
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e DTV was observed on the non-ventilated 460 mm outer diameter brake
disc;
o A full dynamometer test series with different cladding parameters needs

to be set up.

Wear performance of WC cladding layer

Cladding of real railway brake discs in two different sizes was successfully
accomplished (see chapter 9). The friction coefficient of the POD test was
confirmed by the dynamometer testing with values between p = 0.33 and p =

0.46. Further testing with different WC reinforcements is recommended.
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Appendix L Material certificates of the consumables

In this appendix, the material certificates of the consumables are displayed for

which the following sub-headings are given:

e Substrate materials, also called base or bulk material,

e Matrix materials, also called wire material,

e Reinforcement ceramics, also called composite materials,
e Shielding and powder transport gases,

e Pin-on-Disc wear test consumables.

These certificates are displayed for reference.

L.1 Substrate materials

The substrate materials were always steel. However, standard mild steel as
well as high strength steel have been used.
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The material certificate of the S275JR mild steel is revealed in figure I-1.

L.1.1 Mild steels

S ftT "¢
e ey SR el IR

P 1 N e, Pt |
o 5 . E R AR
b é L%
b qpaocs U PAYSNT ST
p: papiis ap S 9
¢ hlnvi e J €
: SRRRIE e L N o o
- 5T AR RNE s oy i
~jastavadet A8 SHHT R ot
. S ﬁeﬂag. -M—\M.I..\M. .
e e DA b e e GG | OESLONNG
— aag pETRSITI - .ﬂ el G o
O3] A .:ﬂ.sw P EACED _‘J.: o G %ﬂ __ “ﬂeﬁ oG
IRREBEEnE ama_ "_.« ED x__zf__._a_ﬁ :??.u o B Al | | A | swetod
— o fom) 67| 2SI 0O | weawsua 1L ) .
u ® VQBQN ey Taﬁ I EAR] RG-S W Tl IR L7AY w% m f.Gm gn
W 78 | 06 |91 80 |07 LGSV IE e s smeceieties . T
5 6] 1[04 f50 015 il O | WU O _a_
w it |4 o< v ﬂ.&w#w.:. 5 ¢ Tripi| 000cHLsass Y -@NA e .Izm
o LN S BB I bl bl s BRSO K R LT ..__..mmﬁ:o.:m |m s
4 o T T76] & oz poe joue joux) 6% () 1 oL et R B \lgx.“:?
5§ et ee ] T LA mrfa] owas o | B0 L0
_m %B@gﬁﬁﬁr 3 s 3 1011%% EEu.u.x.;v 2...5@
19 | 18 [68] & | *
15 | 08 |20 | va |or | 151060
6 | 8o jou| B o |9 |sat |53
m 3 0 I e : nlziele .
W[ ve [ o [oe 18108 550 += NG %
Eﬁs.mgﬁ?mvu
@ AL AL m_.m’m? ! k D & Sa
LS i L3 i R e (ove |ast »ﬁ Z .onnu.v ~ il
® TR CRIA WN O.!-V.DT..‘J.. — you. o M*OH»{# u.l—nt_ e—mnb—_ﬁﬂ ‘ al
@ Pl pud - : . .
[ s (v (™2 NEIGIE
EEBRRRSE mﬂﬁ.__xi.__a AREITEIINEL
m“ 2««3 sl 1. « -— .
* (eoppea e Wa 8 o ] 3?\.3.83.0_.*&
WA 3y (SRS e »
S s e = “ ....»..
] A | A SRRl ¥ -
& —— TR wewn g AN W 3
| ™ ™ n'
e I A
& R e AT FTEONTES) FVTIOAD aﬁ,:f I
T TR e o R T o o
V/ " C“\\ © s v A mnﬁ rﬂ.%- u /\ o PMA - —— sy SN rmpm——

Figure L-1: Material certificate of the S275JR mild steel; the yellow underlined
The yellow underlined batch of figure I-1 is the material used in this thesis. As
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batch is used in the experiments of this thesis.



The material certificate of the S355J2+N mild steel is revealed in Figure L-2.
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Figure L-2: Material certificate of the S355J2+N mild steel; the yellow underlined

batch is used in the experiments of this thesis.

The yellow underlined batch of figure I-2 is the material used in this thesis. As

shown in the certificate, yield strength of 415 MPa is measured.
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L.1.2 High strength steels

The material certificate of the 15CDV6 high strength steel is

figure_apx I-3.

revealed

R . R Material sheet Mo
& snB waBCO Material specification Werkstotatt N
Material Spezifikation MS-0067-S
Comparable to \ Base 55 Product marking:
Vergleichbar 14 CrMoV 6 9 Grundlage TD 5654 Produkt kennzeichnen mit:
Material no
s 1.7735 15 CDV 6 0067
Prefered application
Bevorzugte Verwendung
Chemical composition in % (Cast analysis) Elements to be certified are marked with x
Chemische Zusammensetzung in % (Schm elzanalyse) Die zu bescheinigenden Elemente sind angekreuzt
C x |8 x|Mn x]P x]85 x|Cr x|Mo x [NI Vx| Cu Ti Al N
0.15 max. 0,80 max max. 1,25 0,80 0,20
0.18 0,20 1,10 0015 | 0,015 1,50 1,10 0,30
Heat treatment : Quenched and tempered
Warm ebehandlung 1 Vergitet
Mechanical properties : The hardness values are reference data The tensile test is decisive
Mechanische Eigenschatten Bei den Harteangaben handelt es sich um Richtwerte. MalRgebend ist der Zugversuch.
‘Yiald stress / Tensile strength Elongation Reduction of area MNetched bar impact test Hardness
0 2%-Proof stress Energy value HB 10/3000
Streckgrenze / Zugfestigheit Eins chni Kerbs chlagarbeit Hirte
0,2% Dehngrenze
Res/Rpaz [N/mm®] | Rm [Nfmm?] | A [%] |Z [%] Ay 1SO-U [J] | Av (1ISO-Vv) [J] HB
At [ bei At/ bei °C
min. 800 1030 - 1200 min_10 min.23 1) 331 - 388
Separately or attached cast on Excess material (at forgings) Product specimen acc. to sketch
test coupan X X | (prototypes)
Getrennt oder angegossene Probe Uberm aterial (bei Schmisdewerkstoffen) Bauteilprobe gem. Skizze
(bei Prototypen)
Remarks * 1) Minimum average of 3 pieces, individual minimum 16 J
Bemerkungen i 1.)Mittelwert aus 3 Proben, kein Einzelwert unter 16J
FPrepared Approved Status of revision
Erstellt Genehmigt Revisionsstand
Eisleben (VTA) Dr. Merkel [VTA) 7. A 01 02.02.05

Figure_Apx L-3: Material certificate of the 15CDV6 high strength steel
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The material certificate of the GS22 high strength steel, also called G-22
NiMoCr 5 6, is revealed in figure_apx I-4.

Material sheet No.:

;}6 Faiveley Material specification kN

TRANSPORT Material Spezifikation MS-0005-S
Comparable to : Base FT name
Material no 16760 Grundiage SEW 520 09/1996 FT Bezeichnung
Vergleichbar mit - ’ o, i
WerkstoftNr : G-22 NiMoCr 5 6 0005
Prefered application General
Bevorzugte Verwendung : Allgemein
Chemical composition in % (Cast analysis) Elements to be certified are marked with x
Chemische Zusammensetzung in % (Schmelzanalyse) Die zu bescheinigenden Elemente sind angekreuzt
C x|si x[mn x|P x|s JSlcr Mo x [N v cu Ti Alx [Nx

0,18 max. 0,80 max. max. 0,60 0,50 0,80 max max.
0,24 0,60 1,20 0,015 | 0,015 | 1,10 0,80 1,30 0,050 | 0,010
Heat treatment . Liquid heat treated
Warmebehandlung Flussigkeitsvergitet
Mechanical properties : The hardness values are reference data. The tensile test is decisive
Mechanische Eigenschaften : Bei den Harteangaben handelt es sich um Richtwerte. MaRgebend ist der Zugversuch.
Strength | Ruling Yield stress / Tensile strength Elongation | Reduction | Notched barimpact test Energy | Hardness
class section | 0.2%-Proof stress of area value HBW10/30
thickness 00
Festigkeits | yangebende Streckgrenze / i Einsch 9 Kerb: Harte
stufe W anddicke 0.2% Dehngrenze
Res/Rpoz [N/mm?] | Rm [N/mm?] A [%] | Z Av ISO-V[J] Av (ISO-V) [J] HB
At/vei _ RT [At/sei °C
290 -
| min. 825 930 - 1080 min. 10 min. 40 1) “903 )340
I min. 900 1. 1050 - 1200 min.10 min. 27 1)) 3303‘3375
Separately or attached cast on Excess material (at forgings) Product specimen acc. to sketch
X test coupon (prototypes)
Getrennt oder angegossene Probe Uberm aterial (bei Schmiedewerkstoffen) — Bauteilprobe gem . Skizze
(bei Prototypen)
2)
Remarks ! 1) In deviation of SEW 520

2.) Dimensions of test coupons in correlation wall thickness.

3.) Converted in acc. To EN ISO 18265 table B.2

Bemerkungen :  1.) Abweichend von SEW 520

2.) Die Abmessungen der Proben sind auf die maRgebliche Wanddicke der Gusssticke abzustimmen

3.) Umgerechnet nach EN ISO 18265 Tabelle B.2

Prepared Approved Status of revision
Erstellt Genehmigt Revisionsstand

Eisleben (VTA)

Dr. Merkel (VTA) 4/:..‘/,,, A R0000036 B 01.02.07

Figure_Apx L-4: Material certificate of the G-22 NIMOCR 5 6 high strength steel
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L.2 Matrix materials

The matrix materials were always steel. Standard welding wire in 1 mm
diameter was ordered. However, standard mild steel as well as higher strength

steel has been used.

L.2.1 Mild steels

The material certificate of the G3Sil mild steel is revealed in figure_apx I-5.

Test Report
Product SupraMIG Item No. 16S0815PR
Class 1SO 14341-A : G424M21 G3Si1 Lot/batch 3524
G383C1 G3sit Size(s) mm 0.8 X 15 Kg Plastic Random
AWS A5.18-93 ER70S-6
Product Line MIG Wire
Customer CRANFIELD UNIVERSITY
WHARLEY END
CEANHED Mt Our reforence:  SUS61090
UNITED KINGDOM Quantity 10CO
Chemical analysis (%) According to EN10204:2004 2.2
C Si Mn P S Cr Ni Mo Cu Vv Al Ti+Zr

0.070 0.820 1.450 0.01 0.010  0.025 0.030 0.010 0.021 0.005 0.005 0.003

Mechanical tests, all weld metal According to EN10204:2004 2.2
Tensile testing Impact testing

Rel Rm A5 Temp. Impact min. Average

Nmm2 Nmm2 % c J

466 577 30 =40 92

Additional information According to EN10204:2004
Other tests

Remarks

The product identified above has been manufactured, tested and supplied in compliance with a certified 1SO 9001 Quality
Assurance Programme.
It should be noted that the mechanical pr

erties of all weld metal specimens could vary from those obtained in production joints

because of differencs P sl

Company Printed by Function Date Cert. No.

Lincoln Electric (U. N\ ,P- RICHARDSON 16/07/2010 11174683

Registered office; / ) Telephone:

Mansfield Road 0114 2872401 0114 2873628 =

Aston / 5

Sheflieid S26 28BS e i 3

UNITED KINGDOM 1 W4 §
o S s o

Figure_Apx L-5: Material certificate of the G3Sil steel welding wire
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The material certificate of the G4Sil mild steel is revealed in figure_apx |-6.

Test Report
Product SupraMIG ULTRA
Class ISO 14341-A : G4Si1
AWS A5.18-93 ER70S-6
Customer CRANFIELD UNIVERSITY

BUILDING 46
WELDING ENGINERRING

Item No.
Lot/batch
Size(s) mm

Product Line

Customer ref.

1631015PR
3218

1.0X 15 Kg Plastic Random

MIG Wire

NIELSEN FLEMMING

CRANFIELD MK43 0AL Our re{ference: SU358382
UNITED KINGDOM Quantity 2000
Chemical analysis (%) According to EN10204:2004 2.2
C Si Mn P S Cr Ni Mo Cu Ti Zr
0.060 0.940 1.640 0.0130 0.0160 0.020 0.020 0.0050 0.020 0.0040 0.0020
Mechanical tests, all weld metal According to EN10204:2004 2.2
Tensile testing Impact testing
Rel Rm A5 Temp. Impact min. Average
N/mm2 N'mm2 » [ J
500 566 26 -40 86

Additional information
Other tests

Remarks

According to EN10204:2004

v
The product identified above has been manufactured, tested and supplied in compliance with a certified ISO 9001 Quality

Assurance Programme.
It should be noted that the mechanical pr
because of differences-i i I

—

erties of all weld metal specimens could vary from those obtained in production joints

Company LINCOLI
Lincoln Electric (U.K.) Ltd-—=«
Registered office: %
Mansfioid Road
Aston

Sheffield S26 28S A
UNITED KINGDOM { )

| Telephone:
' 0114 2872401

Function

. RICHARDSON

Fax:
0114 2873628

Date
01/06/2010

Cert. No.
11172312

cerlificateV'7.2

Figure_Apx L-6: Material certificate of the G4Sil steel welding wire
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L.2.2 Higher strength steel wire

The material certificate of the 15CDV6 high strength steel welding wire is

revealed in figure_apx I-7.

CERTIFICATE OF CONFORMANCE, RELEASE & DELIVERY NOTE

l Despatched From Head Office
VBC Group Ltd VBC Group Ltd
Castle Business Park Castie Business Park
T Pavilion Way Pavilion Way
group ..= Loughborough, LE11 5GW Loughborough, LE11 SGW
ese Tel +44 (0)1509 218008 Tel +44 (0)1509 218008
Fax +44 (0)1509 211552 Fax +44 (0)1509 211552
www.vbeg com Website: www.vbcgroup.com
No: RN E 39127
Invoice To Deliver To Date: 03/06/2010
CRANFIELD UNIVERSITY CRANFIELD UNIVERSITY
CRANFIELD UNIVERSITY BUILDING 46 (J SAVILL) PO: 719969
CRANFIELD 46 WELDING RESEARCH CENTRE o Qty:  15Kgs
BEDFORDSHIRE CRANFIELD UNIVERSITY i
Bedfordshire CRANFIELD Release Qty: 15 Kgs
MK43 0AL BEDFORDSHIRE s Gt
England MK43 DAL Tot Shipped: 15 Kgs
England
Outstanding: 0 Kgs
Transport: UPS
™ 3opucT DETAILS |
rroduct Name Specification Extra Product Type Cust. Part No Labelling Info.
VBC ALLOY 8415 1.0 mm Dia Spool Wire
15CDV6
Primary Rel Spec Asscciate Rel Spec  Add. Spec 1 Add. Spec 2 Add. Spec 3 Add. Spec 4
STANDARD YOURS
CHEMICAL ANALYSIS
Analysis Type Code Mesh Analysis Chemical Analysis
Batch B75144Y Fo "944081 W 1.7734 Cr 140 Mn 093
Mo 0.80 v 024 Si 015 c 0.120
Lot LW7664 P <0009 S <0.0015
Account Manager  Nathan Hargrave
|Contact MR STEPHAN HERBST
“ackaging
ormation
Health & Safety
Tariff Code 7229909000
Expiry Date
Special Instructions FAO FLEMMING NEILSEN AS PER E-MAIL 08/07/2010
Notes
Revison No
Change Made
CHECKED BY: Q SIGNED ON RECEIPT BY: CERTIFICATE OF COMPLIANC!
CERTIFIED THAT THE SUPPLIE DeTAR © ANO TESTED
UNDER A QUALITY AS SURANCE SCHEME CONF ORMNG TO BSEN IS0 3001 2008 IN ACCORDANCE WTw
‘ 2 g » THE CONDITIONS AND REQUREMENTS OF THE CONTRACT OR PURCHASE ORDIR AND UNLESS
e - g‘(“x”"l’é“‘ NOTED CONFORM IN ALL RESPECTS TO THE SPECFCATIONS) DRAVINGES) RELEVANT
PLEASE NOTIFY US VALL SOURCHE MAS. TESTED FOR CONFORMITY IN ACCORDANCE WITH CUSTOMER STATED
IMMEDIATELY IF ERROR IS T, N D O
FOUND IN SHIPMENT RULIASEO 10 SH¥K0 SABRY
Form Number: VF02/11{01Sep 2009)
sease Note Copy: Customer Copy 2
www. vbgroup com
Rogistered Address: Unit 12 Castio Business Park. Pavilon Way, Loug? gh Le LET1 5GW. el Number: 2672306 VAT Number: 974587635

Figure_Apx L-7: Material certificate of the 15CDV6 steel welding wire
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The material certificate of the GMn4Ni2CrMo higher-strength, fine-grained

constructional steel wire is revealed in figure_apx |-8.

Classification:

EN 12534 89 6M GMn4Ni2CrMo
ASME/AWS SFA5.28 ER 120 S-G

EN ISO 16834-A G89 6 M Mn4Ni2CrMo
EN ISO 16834-B G 83A 6 M NAM4T

alaktrods J8sanies MIG 90

Description and application:

Mn, Ni, Cr and Mo alloyed metal inert gas welding wire is suitable for welding of higher-strength, heat treated, fine
- grained constructional steels with a minimum yield strength of 890 N/mm?®

Base materials:

[High-strength fine grained steels [ S890Q, XABO 890, MICRAL 890 |

Chemical composition
of welding wire (wt. % ) :

| ¢ | si | mn | o | N | Mo |
| o10 | o8 | 18 | 03 | 20 | 05 |

Mechanical properties
of all weld metal (wt. %) :

Yield strength Rpe. / Rp 02:| > 890 N/mm2

Tensile strength |Rm: 940-1180 N/mm2

Elongation As: > 15 %

Impact energy Av: > 47 J (-60°C)
Suitable shielding gases: Ar + 15 - 25% CO;,

(M21 according to EN 439)
Wire sizes available: 10 ;12 ; 1,6 (6 mm)

Form of delivery: Wire electrodes are spooled in accordance with AWS A5. 18
and EN 759 - basket spools precision layer wound.
Wire can be packed in drums — 250kg or 350kg

Approvals:

REF. W/CJ Date: 2009-06-10 S11

Figure_Apx L-8: Material certificate of the GMn4Ni2CrMo steel welding wire
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L.3 Reinforcement ceramics

Reinforcement in the metal matrix composites were reviewed by the ceramics
silicon carbide (SiC) and tungsten carbide (WC). SiC was commissioned from
two different sources. The material certificate of the silicon carbide ceramic

from ESK-SIC is revealed in figure_apx |-9 and figure_apx I-10.

ZaN
ESK
ESK-SIC GmbH
Product Information
Silicon Carbide
Application Product
(data sheets available on request)

SIC for vitrified bonded abrasive products and chip SIC green/green | macro-/microgrits F 8 - F 220
removal operations with loose abrasive grains SiC green microgrits F 230 - F 1200
according to - FEPA 42-GB-1984 R 1993 SIC dark macrogrits F 8 - F 220

-I1SO 8486 SiC dark microgrits F 230 - F 1200
SIC dark KAN-E macrogrits F 8 - F 220

SiC for resin, gum and magnesite bonded abrasive SiC dark KAN-E macrogrits F 8 - F 220
products and chip removal operations with loose SiC green macro-/microgrits F 8 - F 1200
abrasive grains SiC dark macro-/microgrits F 8- F 1200
according to - FEPA 42-GB-1984 R 1993

- 1SO 8486
SiC for coated abrasive products SIC dark macro-/microgrits P 12 - P 2500
according to - FEPA 43-GB-1984 R 1993 SiC black macro-/microgrits P 12 - P 1200
-1S0O 6344
Brake linings SiC dark microgrits F 230 - F 1200
Siicar standard fractions

SIC for wire sawing SiC green/dark microgrits

SiC for sawing of granite. marble etc Performit standard fractions

SiC for recrystallized kiln furniture and advanced SiC green| standard fractions
ceramics SIiC green/dark  macro-/microgrits

SIC green/dark fine fractions and powders
SiC dark FF-standard fractions

SiC for kiln furniture and advanced ceramics SiC dark FF-standard fractions

SiC for bricks, monolithics, crucibles etc SiC dark standard fractions

SiC for refractory applications REFSIC 94/97 standard fractions

SiC for the paint industry SiC dark standard fractions

Kristalit® 05-3mm
Silcar standard fractions
SiC dark microgrits F 230 - F 1200
SiC for wear resistant and anti static fiooring Kristalit® 05-3mm
SiC dark standard fractions
SIC dark macrogrits F 8 - F 220
SiC gark KAN-E macrognts F 8- F 720
SiC for ceramic filters SiC dark standard fractions
SIC for Diesel particle filters SIC dark standard fractions
SiC green/dark macro-/microgrits
SIC green/dark __fine fractions and powders
SiC for metal matrix composites (MMC) SiC green/dark microgrits
SiC green/dark micro fractions
SIC for the production of wear resistant surface SiC Ultrafein standard grits
layers
ESK-SIC GmbH
Gantar-Wiebke-Str. 1
D-50226 Frechen-Grefrath
E-SIC Applications doc-01/08 1SO 9001 : 2000 certised Telsfan 149, (0) 22 34-512:0

Telefax 449 (0) 22 34-512-100

Figure_Apx L-9: ESK-GmbH, Product Information Silicon Carbide; the yellow

underlined material with the macrogrit F90 has been used

298



Werkstoffdatenblatt

ESK-SIC GmbH

Siliciumcarbid
(x=SiC)
Chemische Formel Sic
Relative Molmasse glmol 40,097
Chemische Zusammensetzung - Si o 70,05
-C o 29,85
Dichte glcm’ 3,21
Harte -Mohs 95-9,75
- Knoop HK 0,1 2500-2900

Schmelzpunkt (Zersetzung) T > 2300
Wiarmekapazitat - 20C Jg-K 0,67

-1000 C Jg-K 1,27
Warmeleitfahigkeit - 20C kJim-h-K 150

- 1400 °C kdim - h - K 54
Linearer thermischer
Ausdehnungskoeffizient K1 47-10°
zwischen (20 - 1400) T !
Standardbildungsenthalpie A H® pggi (kJImol -716163
Entropie S°ggK Jimol - K 16,50 £0,13
Spezifischer elektrischer Q-cm 01 -1-10%

Widerstand

Modifikationen
a-SiC; verschiedene hexagonale und
rhomboedrische Polytypen

6H,15R, 4 Hu.a.

Farbe

griin, dunkel, schwarz

Brechungsindex ne

n: (Na 589 nm
bei 20 °C)

2,647 - 2,649
2,688 - 2,693

Chemische Eigenschaften

Bestdndig gegen Sauren und Laugen,
besténdig beim Erhitzen an Luft bis
ca. 1600 °C.

Zersetzung durch schmelzende
Alkalien wie

Na,0, + Na,CO, oder KNO, + Na,CO,
16slich in Eisenschmelzen.

Die angegebenen Werte sind typische Werkstoflkenndaten und sind als Richtwerte nicht zur Erstellung von Spezifikationen bestimmt. Sie unterliegen
einer produktionsbedingten Toleranz und entsprechen dem derzeitigen Stand der Technik . Anderung der Produktkenndaten im Rahmen des techni-
schen Fortschritts oder durch betrieblich bedingte Weiterentwicklun behalten wir uns vor

Eine Yerletzung Schutzrechte Dritter ist selbst zu Gberprifen und gegebenenfalls zu beseitigen.

SIC Daten.doc-01/00

IS0 9001 : 2000 zertifiziert
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ESK-SIC GmbH

Ginter Wiebke-Str.1
50226 Frechen-Grefrath
Telefon 02234 -512-0
Telefax 02234 - 512 -100

Figure_Apx L-10: ESK-GmbH, material data sheet Silicon Carbide




The material certificate of the silicon carbide ceramic from Saint Gobian is
revealed in figure_apx I-11 and figure_apx |-12.

2007/001

Product information m .

Silicon Carbide
SIKA® ABR |

Green Silicon Carbide grains for abrasive applications
_Packaging

Chemically treated, high purity green silicon carbide in macro and micro
grains, produced to comply with FEPA standard and particularly suitable
for high quality vitrified bonded grinding wheels, honing stones, lapping
and polishing applications.

25 kg paper bags or 1.000 kg big bags.
30 kg steel drums for F1500 and F2000.

Typical Chemistry
sic Free-C Free-Sio, Free-Si Fe,0, Ml
Macro 99.40 % 0.25 % 0,20 % 015 % - 0.002 %
Micro 99,50 % 0,20 % 0,15 % 0.10 % 0,05 % -
_Grit Sizes and Shapes
Macro grits Micro grits
Grit No. Mean-® mm LPD g/cm* Grit No. 0 d,pm LPD g/cm'
F8 2,460 1.32-142 F2305 53,0230 1,20 - 1.30
F10 2,085 1,34 - 144 F2405 445220 117-1,27
F12 1,765 1,35 -1,45 F2s0S 365+15 114 -124
Fl14 1470 1,37-147 F3208 202215 1,09 -1.25
F16 1,230 1,39 - 1,49 -g F3s0S 228215 1,05 -121
F20 1,040 1,40 - 1,50 a FaooS 173+10 0,96 -112
F22 0,885 1,41 -151 2 fswos 128210 0,87-1,03
F24 0,745 143-153 -'F: Fs00S 93210 0,80 - 0,95
F30 0,625 1,45 - 1,55 FsooS 65210 0,70 - 0,86
F36 0,525 1,46 -156 F1o000$ 45208 na
F40 0,438 1,49 - 159 F1200S 30205 na
Fa6 0,370 1,49 - 1,59 F1s00S 20204 na
F54 0,310 1,49 -159 F20005 12203 na
F60 0,260 1,49 - 1,59
F70 0,218 147-157 £ F3e08 228%15 112-1.28
F80 0,185 1,46 -156 % Fs00B 173210 1,15 -135
: F90 0,154 143-153 _a. FsooB 128110 1,10 - 1,30
| F100 0129 1,48 - 1,58 g Fs008B 93210 1,04 -1.24
F120 0,109 142-152 o FsooB 55210 0,75 - 0,95
F150 0,082 1,37~ 147
F180 0,069 1,34 -1,47
F220 0,058 1,29 -1,39
Particle Size D is da ding to FEPA Standard 42-1:2006 for Macro-, and 42-2:2006 for Micro-grains
Analytical LPD = Loose Pack Density Is measured according to FEPA Standard 44-1:2006 for Macro- and 44-2:2006 for Micro-grains
Procedures: Magnetic Iron (MI) measured according ANSI B74.19-2002
Chemistry according ANSI B74.15 1992 (R2002)
The inforwution coatamed in thin m«m:-.-—um:n-'-pn,.v - nd cansot be datiibetnd n.z-—-.ne-a,-n,.-‘-a--cn.,-m-.-uu-mu:.:;-:::
rpasiog producs.

www.sic saint-gobain com

Figure_Apx L-11: Saint-Gobain, product information Sika ABR | Silicon Carbide
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Certificate of Analysis

Printed Date:04.01.2011 15:08:46

Customer:

Address:

Sales order number:
Your sales order ref.:

Item:

Batch number:
Quantity of batch:
Customer item code:

206322 - Cranfield University
MK43 0AL - Cranfield, Bedford - GB

1015071
721048

410000570225 - SIKA ABR I FS0 PaperBag2s

101105502
25,00

All meassurement are accordance to FEPA, ANSI or JIS,
ar other methods in agreement with customer.

Char. description Unit Value Lower Limit Upper Limit
Sieve 60 (250pm) % 0 - 0
Sieve 80 (180um) % 8 - 20

Sieve 100 (150pm) % 47 40 -

Sieve 100 + 120 {150 + 125pm) % 86 65 #
Sieve -140 (-106um) % 1 - 3
Magnetic Iron % 0,0005 = 0,0020
LPD g/cm? 1,45 1,43 1,53
H

Signature:

Norheim - P.0. Box 113 - N-4791 - Lillesand - NO - Tel: +47 37 05 55 55 - Fax: +47 37 26 01 50

- ... Saint-Gobain Ceramic Materials AS

Enterprise Number NG 914 810 574

Figure_Apx L-12: Saint-Gobain, Certificate of Analysis Sika ABR | F90
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The material certificate of the tungsten carbide ceramic from LCT Laser

Cladding Technology is revealed in figure 1-13.

a)
TEB""“EE"IA G E MATERIAL CERTIFICATE
TECHNOGENIA S.A.S. - ZA DES MARAIS - BP 151 — CERTIFICAT MATIERE
e CONFIDENTIA.

E-malil : technogenia@technogenia.fr

We, Technogenia, hereby certify that the products detalled below have been made strictly in accordance with
company's secret formulation manufacturing processes and standard procedures. They have successtfully
P d all quality Is and tests.

Nous, Technogenia, certifions que le prodult désigné dans cette page a été fabriqué selon les procédures et
formulations en vigueur. Il a été contrdlé et testé avec succes.

Product / Produit
Trademark / Marque SPHEROTENE 40 - 160 pm
Spherical fused Tungsten Carbide /
Description
Carbure de Tungsténe fondu Sphérique
Batch number / N°lot 33323
Packaging / colisage S5kg

Chemical Specifications /

Composition Chimique
Element % Welght/ Poids
Carbon (C) 3,95 max
Iron (Fe) 0,23 max
Titanium (Ti) 0,05 max
Tantalum (Ta) 0,05 mx
Tungsten (W) Bal
Physical Properties /
Propriétés physiques
Particle Size Distribution / el w oy
e Size Dis' on ;
Répartition Granulométrique “100-£40 I SR
+160 + 210 microns 5 % max
Micro Hardness / 2500-3500 Hv0,3
Microdureté
Specific gravity /
16,4 g/cm3
Masse spécifique ”

Imprimé d'ordinateur valable sans signature / Computer print out, valid without sign.
TECHNOGENIA QUALITY DEPARTMENT. ISSUED ON THE 26 January 2011
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b)

'I'Ec""“n["l A E MATERIAL SAFETY DATA SHEET

TECHNOGENIA S.A.S. - ZA DES MARAIS - BP 151 .

TRCHCOMAANAN. -2 TRADE NAME: Spheroténe®

Tel : +33.4.50.68.56.60 - Fax : +33.4.50.68.62.77 X

E-mail : technogenia@technogenia.fr Revision date 2006-09-27

1. ldentification

Technical designation : Fused tungsten carbide (spherical particles)

Type of product or uses : Hardfacing powder for anti-wear protection

Manufacturer : TECHNOGENIA S.A.

2ZA Des Marais ; 74410 Saint-Joricz - France
Tel +33.4.50.68.56.60. - Fax .33.4.50.68.62.77. E-Mail : technogenia@technogenia.fr
2. Information on ingredients
Substance Woight  CAS number TLV (Threshold limit value recommended  Symbol Risk
percent  (Chemical by American Conference of Govemmental phrases
Abstracts Service).  Industrial Hygienists) (mg/m3).

Fused tungsten carbide | 100 5 (Insoluble tungsten compounds).

3. Hazards identification

Fused tungsten carbide (96 weight percent tungsten and 4 weight percent carbon) is free of cobalt, nickel and lead.

Inhalation : Pure fused tungsten carbide has no known hazards other than an inert dust since il is not
combined with nickel or cobalt. The dust is irritating for breathing. Inhalation of heavy dus!-
concentration in the long term may cause lung-disease.

Ingestion : Unlikely. No identified risk.

Skin contact : May cause sensitization.

Eye contact : Unlikely. No identified risk.

4. First aid measures

Inhalation : Fresh air. If suspect symptoms appear seek medical advice.

Ingestion : Unlikely. If suspect symptoms appear seek medical advice.

Skin contact : Wash with mild soap and water, If suspect symptoms appear seek medical advice.

Eye contact : Rinse with plenty of lukewarm water. lf t symp appear seek medical advice.

5. Fire-fighting measures
Extinguishing media Dry reactants.

6. Accidental release measures
Spillage of small fragments should be cleared with vacuum equipment. Avoid spillage in water.

7. Handling and storage
AVOID DUST GENERATION,

Store at dry conditions -18°C +38°C.
NORMAL INDUSTRIAL HYGIENE.

8. Exposure controls/Personal protection

Preventive measures : Use sufficient dust extraction during welding. Wash hands before meals, pauses and at the end of
working day.

Personal protection : In case of insufficient ventilation, suitable respiratory equipment with fine particle filter (P2) must be
worn. For welding, wear suitable gloves and goggles.

CONF\DENTIAL

MSDS issuing date 05 Aug. 10 Page 1/2
Presentation and rules of drafting complying with 2001/58/CE.
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C

 TECHNOGEN

TECHNOGENIA S.A_S. - ZA DES MARAIS - BP 151
74410 SAINT-JORIOZ - France
Tel : +33.4.50.68.56.60 - Fax : +33.4.50.68.62.77

W MATERIAL SAFETY DATA SHEET

T
-

TRADE NAME: Spheroténe®

E-mail : technogenia@technogenia.fr Revision date 2006-09-27
9. Physical and chemical properties
General description (form, smell, ; ...) : Grey, odourless, fine-grained metal powder.
Density 16.4 g/cm3.
Melting point : 2750°C.
Solubility in organic solvents : Insoluble.
| Solubility in water : Insoluble.

10. Stability and reactivity
Chemical stability : Stable at normal handling and 0

gy Materials to avoid : Strong oxidizers and strong acids.

| 11. Toxicological information
On product : No data available.
On ingredients : T DL 50 =5000 mg/kg intra peritoneal rat.
12. Ecological information
On product No data available.
On ingredients : No data available.
13.Disposal considerations
Dispose in safe in with local Avoid spillage in water.
14. Transport information
UN-Nr : None allocated. IMDG-Code * None allocated.
ICAO/IATA . None allocated. Packing : None allocated.
15. Regulatory information
Symbol(s) :

ol R-phrase(s) None Classified
S-phrase(s) None Classified
16. Other information
Existing substances of the product are included in European Inventory of Existing G ial Ch:
(EINECS).
Contents and format of this safety data sheet are in accordance with the EEC commission directive 2001/58/CE.
Disclaimer of liability : information in this safety data sheet was obtained from sources we believe are reliable. However, this
information is provided without any warranty, expressed or implied, regarding its correctness. The conditions or methods of
handling, storage, use or disposal are beyond our control and maybe beyond our knowledge. For this and other reasons, we do
not assume responsibility and expressly disclaim liability for loss, damage or other expense arising out of or in any way

d with the handling ge, use or di | of this product.

This safety data sheet was prepared and is to be used only for this product. If this product is used as a component in other
products, this safety data sheet may not be applicable.

ocmnno CONGIENTIL

Presentation and rules of drafting complying with 2001/58/CE.

MSDS

Figure L-13: Technogenia Spherotene tungsten carbide (WC) from LCT Laser
Cladding Technology; a) Materials Certificate, b) and c) Materials safety data
sheet

304



L.4 Shielding and powder transport gases

In welding many different shielding gases are used. However, none of them

was tested for the application of metal matrix composite cladding. The following

gases were used as shielding gases in this thesis:

Ar/CO2 (2.5%) BOC Specshield CO2/Ar mixture,
Pureshield Argon,
Argon Helium mixture, and

Pureshield Helium.

Despite the fact that argon, nitrogen or under a special calibration helium can

be used as powder transport gas, only pureshield Argon was used for ceramic

powder feeding.
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The material safety data sheet of the shielding gas

Specshield CO2/Ar mixture is revealed in figure_apx I-14.

a)

SAFETY
TATA
SHEET

& BOC GASES

Sp

cshield:20% co,, Ar \§
and Specshield 2.5% co,, Ar

PRODUCT: SPECSHIELD CO;, Ar MSDS NR: 300150002 BOC VERSION : | DATE : 03/07/1997 PAGE : 1|
FORMERLY: PURESHIELD P3 AND ARGON/CARBON DIOXIDE MIXTURES

1 IDENTIFICATION OF THE SUBSTANCE/
PREPARATION AND OF THE COMPANY

Product name Specshield COy, Ar

Company see footer

identification

Emergency see footer

phone Nos

2 COMPOSITION/INFORMATION ON
INGREDIENTS

Preparation -

Components/ Contains the following

Impurities components:

Specshield 20% CO,, Ar 20% CO;  balance Ar
Specshield 2.5% CO;, Ar 2.5% CO; balance Ar

3 HAZARDS IDENTIFICATION

Hazards identification In high cencentrations may cause
asphyxiation
Compressed gas

4 FIRST AID MEASURES

Inhalation In high concentrations may cause
asphyxiaton and death. Symptoms
may include boss of mobility!
consciousness. Victim may not be
aware of asphyxiation,

Low concentratons of CO; cause
Increased respiration and
headache.

Remove victim to uncontaminated
area wearing self contained
breathing apparatus. Keep victim
warm and rested. Call a docter.
Apply artficial respiration if
breathing stopped,

Ingestion Ingestion is not consicered a
potental route of exposure.

5 FIRE FIGHTING MEASURES

Specific hazards Exposure 1o fire may cause
comainers to rupturs/explode.
Inform Fire Brigade
Non lammable

Hazardous None

combustion products

Suitable All known extinguishants can

extinguishing media  be used.

Specific methods If possible, stop flow of produce

Move container away or cool with

water from a protected position
Special protective In confined space use selif-
equipment for conwined breathing apparatus.
fire fighters

6 ACCIDENTAL RELEASE MEASURES

Personal precautions Evacuate area. Wear self-
conuiined breathing apparatus
when entering area unless
atmosphere is proved to be safe.
Post warning notices.

Ensure adequate air ventilation.
Try 10 swop release.

Prevent from entering sewers,
basements and workpits, or any
place where its accumulation can
be dangerous.

Clean up methods Ventilate area,

Environmental
precautions

7 HANDLING AND STORAGE

Handling and storage Suck back of water into the
container must be prevented Do
not aflow backfeed into the
container. Use only properly
specified equipment which is
suitable for this product, its supply
pressure and temperature.
Contact BOC Gases if in doubt.
Refer to BOC Gases container
handling nstructions. Keep
container below 50°C in a well
ventilated place

8 EXPOSURE CONTROLS/PERSONAL
PROTECTION
Exposure limits Specshield 20% CO;, Ar contains
carben dioxide, which has an
Occupational Exposure Standard
(OES) as described in the Health
and Safety Executive Guidance
Note EH40. It has a short term
expesure himit (STEL) of 15000
vpm (1.5%), and 3 long term
exposure irmit (LTEL) of 5000vpm
(0.5%)
In a confined space. displacement
of air may cause the exposure
lmits to be exceeded before the
oxygen level drops below 18%.

Personal protection  Ensure adequate venulation

9 PHYSICAL AND CHEMICAL PROPERTIES

Relative density, gas  Heavier than air

Solubility mg/l water Not known

Appearance/Colour  Colourless gas

Odour None

Other data Gaslvapour heavier than air. May
accumulate in confined spaces,
particularly at or below ground
level. Will displace oxygen where
ventifation is at a high point enly.

10 STABILITY AND REACTIVITY

Stability and
reactivity

Stable under normal conditions.

Piease photocopy ¥ further copies required
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b)

SAFETY
DATA
SHEET

11 TOXICOLOGICAL INFORMATION

General Low concentrations cause rapid
circulatory insufficiency. Symptoms
are headache, nausea and
vomiting, which may lead to
UNCoNsciousness.

12 ECOLOGICAL INFORMATION

General No known ecological damage
caused by this product

13 DISPOSAL CONSIDERATIONS

General Do not discharge into any place
where its accumulation could be
dangercus. Contace BOC Gases
if guidance is required.

14 TRANSPORT INFORMATION

UN Nr 1956

Class/Div 2.2

Labelling ADR Label 2: non flammable non toxic
Ras

Other transport Avoid transport on vehicles

information where the load space is not

separated from the driver's
comparunent. Ensure vehicle
driver is aware of the potential
hazards of the load and knows
what to do in the event of an
accident or an emergency.
Before transporting product
continers ensure that they are
firmly secured and:
- gylinder valve is closed and not
leaking
- valve outlet cap nut or plug
(where provided) is correctly
fitted.

- valve protection device (where
provided) is correcdy fitted.

- adequate ventifation,

- compliance with applicable
regulations

15 REGULATORY INFORMATION

Labelling of cylinders Road transport symbols are used
- Symbols and selected according to the
most stringent product
classification - EC or ADR.
Labe! 2: non flammable

noN tOXIC gas.

- Risk phrases RAs Asphyxant in high
concenurations,

« Safety phrases 59 Keep container in well

ventilated place.
523 Do not breathe the gas.

16 OTHER INFORMATION

Ensure all nationalflocal regulations are observed

The hazard of asphyxiation is often overlooked and must be
stressed during operator training,

Before using this product in any new process or experiment,
a thorough material compatibility and safety study should be
carried out.

Although this shielding gas alone does not exhibit
toxicharmful effects. the fumes generated from 2 welding
process can be hazardous to health

Always leak check cylinders when first collected, delivered
or used using an approved leak detection fluid,

Detalls given in this document are believed to be correct at
the tme of going w press. Whilst proper care has been
taken in the preparation of this document, no liability for
injury or damage resulting from its use can be accepted

For further safety information please refer to “Safe Under
Pressure’ and “Safe handling, storage and transport of
industral gas cylinders” both of which are available from
your local BOC Gases outlet

& BOC GASES

A member of The BOC Group
The Stripe Symbol and the word BOC are BOC Group Trademarks.

For product and safety enquiries please phone

BOC GASES Direct

0800 111 333

BOC Gases, Customer Service Centre
Priestley Road, Worsley

Manchester M28 2UT

Fax: 0800 111 555

In the Republic of Ireland:
Dublin (01) 409 1800

BOC Gases Ireland

P.O. Box 201, Bluebell

Dublin 12, Republic of Ireland

Fax: 01 409 1081 SFT007278/BRUK/0997/2M(25)

Blanrn mharasnny i famhas snmee rom ieod

Figure_Apx L-14: Safety data sheet BOC Gases Specshield 20 % CO,, Ar and
Specshield 2.5 % CO,, Ar; a) Pagel, the chemical composition of the Ar/CO2
(2.5%) BOC Specshield mixture is underlined in yellow; b) Page 2
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The material safety data sheet of the shielding gas argon (Ar) BOC Pureshield

Argon is revealed in figure_apx |-15.

SAFETY
LATA
SHEET

& BOC GASES

Pureshield Argon

PRODUCT : PURESHIELD ARGON MSDS NR: 300-00-0001 BOC VERSION :1 DATE : 21/06/1994 PAGE : I/1

| IDENTIFICATION OF THE SUBSTANCE/
PREPARATION AND OF THE COMPANY

Product name Pureshicld Argon
Chemical formula Ar

Company see footer
identification

Emergency sec footer

phone Nos

2 COMPOSITION/INFORMATION ON
INGREDIENTS

Substance/ Substance
Preparation

Components/ Contains no other components or

Impurities impurities which will influence the
classification of the product.

CAS Nr 07440-37-1

EEC Nr 2311470

(from EINECS)

Specification 99.998% minimum

3 HAZARDS IDENTIFICATION

Hazards identification Compressed gas.
In high concentrations may cause
asphyxiation,

4 FIRST AID MEASURES

Inhalation In high concentrations may cause
asphyxiation and death. Symptoms
may include loss of mobility/
consciousness. Victim may not be
aware of asphyxiation.

R victim to unc

area wearing self contained
breathing apparatus. Keep victim
warm and rested. Call a doctor.
Apply artificial respiration if
breathing stopped.

q4

5 FIRE FIGHTING MEASURES
Specific hazards Exposure to fire may cause
containers to rupture/explode.
Inform Fire Brigade

Non flammable
Hazardous None
combustion products
Suitable All known extinguishants can

extinguishing media  be used.

Specific methods If possible, stop flow of product.
Move container away or cool with
water from a protected position.

Special protective In confined space use self-

equipment for contained breathing apparatus.

fire fighters
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6 ACCIDENTAL RELEASE MEASURES

Personal precautions  Evacuate area. Wear self-
conuained breathing apparatus
when entering area unless
awtmosphere is proved to be safe.
Ensure adequate air ventilation.
Post warning notices,

Try to stop release.

Prevent from entering sewers,
basements and workpits, or any
place where its accumulation can
be dangerous.

Clean up methods Ventilate area,

Environmental
precautions

7 HANDLING AND STORAGE

Handling and storage Suck back of water into the
container must be prevented. Do
not allow backfeed into the
container, Use only properly
specified equipment which is
suitable for this product. its supply
pressure and temperature.
Contact BOC Gases if in doubt.
Refer to BOC Gases conainer
handling instructions. Keep
container below 50°C in a well
ventilated place.

8 EXPOSURE CONTROLS/PERSONAL
PROTECTION

Personal protection  Ensure adequate ventilation,

9 PHYSICAL AND CHEMICAL PROPERTIES

Molecular weight 40
Melting point -189°C
Boiling point -186°C

Critical temperature -122°C

Relative density, gas  1.38 (air=1)

Relative density, liquid Not applicable

Vapour pressure 20°C Not applicable

Solubility mg/l water 61 mg/l
Appearance/Colour  Colourless gas

Odour No odour warning properties

Other data Gas/vapour heavier than air. May
accumulate in confined spaces.
particularly at or below ground
level. Will displace oxygen where
ventilation is at a high point only.

10 STABILITY AND REACTIVITY

Stability and
reactivity

Stable under normal conditions.

11 TOXICOLOGICAL INFORMATION

General No known toxicological effects
from this product.

12 ECOLOGICAL INFORMATION

General No known ccological damage
caused by this product.



b)

I3 DISPOSAL CONSIDERATIONS 15 REGULATORY INFORMATION
General Do not discharge into any place Number in Annex | Not included in Annex |.
DATA where its accumulation could be of Dir 67/548
dangerous. To atmosphere in 2 lassifi
SHEET well vendlated piace. Contact R e e
BOC Gases if guidance is substance.
requied. Labelling of cylinders Road transport symbols are used
- Symbols and selected according to the
14 TRANSPORT INFORMATION most stringent product
classification - EC or ADR.
UN Nr 1006 Label 2: non flammable non toxic
Class/Div 22 2
ADR/RID Item Nr 212 - Risk phrases ?As Asm»:tt in high
BENVIND). T air g ers: 30 - Safety phrases $9 Keep container in well
Groupcard Nr 20201 ventilated place.
Labelling ADR Label 2: non flammable non toxic $23 Do not breathe the gas.
s
Other transport Avoid transport on vehicles 16 OTHER INFORMATION
information where the load space is not
::P"‘m’c'::"‘i"t:;”::"“;e Ensure all nationalflocal regulations are observed.
dr::“ is aware of the potential The hazard of asphyxiation is often overlooked and must be
hazards of the load and knows stressed during operator training.
what to do in the event of an Before using this product in any new process or experiment,
accident or an emergency. a thorough material compatibility and safety study should be
carried out, Although this shielding gas alone does not
MNF Sransporung produce exhibit toxic/harmful effects, the fumes generated from a
containers ensure that they are eldi ha barados to healdh:
ferily secured and: welding process can zadous to heal
- cylinder valve is closed and not Always leak check cylinders when first collected, delivered
leaking. or used, using an approved leak detection fluid.
- valve outlet cap nut or plug Details given in this document are believed to be correct at
(where provided) is correctly the time of going to press.

fitted.
- valve protection device (where
provided) is correctly fitted.

Whilst proper care has been taken in the preparation of this
document, no liability for injury or damage resulting from its

g use can be accepted.
- adequate ventilation. « n
compliance with applicable For further safety information please refer to “Safe Under
- compliance with appl Cyisgrpy ’
regulations Pressure” and “Safe handling, storage and transport of
industrial gas cylinders”, both of which are available from
your local BOC Gases outlet.
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l 3z BOC GAS Es %ﬁﬂf?ﬁﬁ.ﬁ&% BOC are BOC Group Trademarks.

For product and safety enquiries please phone

In the United Kingdom: In the Republic of Ireland:

0800 111 333 Dublin (01) 450 1444

BOC Gases BOC Gases

Priestley Road, Worsley P.O. Box 201

Manchester M28 2UT Bluebell, Dublin 12

Fax: 0800 111 555 Fax: 01 450 7054 SFTI007275/BRUK/1097/5M(25)

Figure_Apx L-15: Safety data sheet BOC Gases Pureshield Argon; a) Pagel;
Page 2
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The material safety data sheet of the shielding gas Argon Helium mixture (Ar/He

50/50) BOC Alushield Universal is revealed in figure_apx |-15.

a)

SAFETY
YATA
SHEET

&7 BOC GASES

Alushield

Light ¢« Universal « Heavy

A

PRODUCT: ALUSHIELD HEAVY - LIGHT « UNIVERSAL MSDS NR: 300-10-0001 BOC VERSION: 2 DATE: 03/07/1997 PAGE: I/}
FORMERLY: HELISHIELD H2/H3/HS AND OTHER HELIUM/ARGON MIXTURES

1 IDENTIFICATION OF THE SUBSTANCE/
PREPARATION AND OF THE COMPANY

Product name Alushield Heavy/Light/Universal
Company see footer

identification

Emergency see footer

phone Nos

2 COMPOSITION/INFORMATION ON
INGREDIENTS

Substance/ Preparation

Preparation

Components/ Alushield Heavy 75% He balnce Ar

Impurities Alushield Light 30% He balance Ar
Alushield Universal 50% He balance Ar

3 HAZARDS IDENTIFICATION

Hazards identification In high concentrations may cause
asphyxiation. Compressed gas

4 FIRST AID MEASURES

Inhalation In high concentrations may cause
asphyxiation and death. Symptoms
may include loss of mobility/
consciousness, Victim may not be
aware of asphyxiation. Remave
victim to uncontaminated area
wearing self contained breathing
apparatus. Keep victim warm and
rested. Call a doctor. Apply
ardficial respiration if breathing
stopped.

Ingestion Ingestion is not considered a
potential route of exposure.

5 FIRE FIGHTING MEASURES

Specific hazards Exposure to fire may cause
containers to rupture/explode.

Inform Fire Brigade.

Non-flammable.
Hazardous
combustion products None
Suitable All known extinguishants can

extinguishing media  be used
Specific methods If possible, stop flow of product.
Move container away or cool with
water from a protected position,
Special protective In confined space use sef-
i for 3 d breathing apparatus

fire fighters

6 ACCIDENTAL RELEASE MEASURES

Personal precautions Evacuate area. Wear self-
conuined breathing apparatus
when entering area unless
atmosphere is proved to be safe.
Ensure adequate air ventilation,
Post Warning Notices

Environmental Try e stop release.

Precautions
Clean up methods Ventilate area.

7 HANDLING AND STORAGE

Handling and storage Suck back of water into the
container must be prevented. Do
not allow backfeed into the
conuainer. Use only properly
specified equipment which is
suitable for this preduct. its supply
pressure and temperature.
Contact BOC Gases # in doubt.
Refer to BOC Gases container
handling instructions. Keep
container below 50°C in a well
ventilated place

8 EXPOSURE CONTROLS/PERSONAL
PROTECTION

Personal pr U Ensure ads fa

9

9 PHYSICAL AND CHEMICAL PROPERTIES

Relative density, gas  Lighter or similar to air
Solubility mg/l water Not known,
Appearance/Colour  Colourless gas

Odour None

10 STABILITY AND REACTIVITY
Stability and Stable under normal
reactivity conditions

11 TOXICOLOGICAL INFORMATION

General No known toxicological effects
from this product.

12 ECOLOGICAL INFORMATION

General No ecolegical damage caused by
this product.

13 DISPOSAL CONSIDERATIONS

General Do not discharge into any place
where its accumulation could be
dangerous. Contact BOC Gases if
guidance is required

Please photocopy o further copies required
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b)

SAFETY
DATA
SHEET

14 TRANSPORT INFORMATION

UN Nr 1956

Class/Div 22

Labelling ADR Label 2: non flammable non toxic
gas

Other transport Avoid transport on vehicles where

information the load space is not separated

from the driver's compartment.
Ensure vehicle driver is aware of
the potential hazards of the load
and knows what o do in the
event of an accident or an
emergency.

Before wansporting product
containers ensure that they are
firmly secured and:

- cylinder valve is closed and not
leaking

- valve outlet cap nut or plug
(where prowvided) is correctly
ficted

- valve protection dewice (where
provided) is correctly fitted

- adequate ventilation

- compliance with applicable
regulations.

1S REGULATORY INFORMATION

Labelling of cylinders
- Symbols

- Risk phrases

- Safety phrases

Road transport symbols are used
and selected according to the
most stringent product
classification - EC or ADR .

RAs Asphyxiant in high
concentrations.

$9 Keep container in well
vennlated place.

$23 Do not breathe the gas.

16 OTHER INFORMATION

Ensure all nadonal/local regulations
are observed

The hazard of asphyxiuen is often
overlooked and must be stressed
during operator traning.

Before using this product in any
NeW Process o experiment, a
thorough material compatibilicy
and safety study should be carried
out. Although this shielding gas
alone does not exhibit toxic or
harmful effects, the fumes
generated from a welding process
can be hazardous to heaith,
Always leak check cylinders when
first collected, delivered or used,
using an approved leak decection
fluid.

Deails given in this document are
believed to be correct at the time
of going to press.

Whilsc proper care has been wuken
in the preparation of this
document, no lability for injury or
damage resulting from its use can
be accepted.

For further safety information
please refer o “Safe Under
Pressure’” and “Safe handling.
storage and wransport of industrial
gas cylinders”, both of which are
available from your local BOC
Gases outlet.

Wl Bo c GASES ?I::.S:':: ;;n?:da-\ouc(ﬁ::‘:fd BOC arc BOC Group Trademarks.

For product and safety enquiries please phone

BOC GASES Direct

0800 111 333

BOC Gases, Customer Service Centre

Priestley Road, Worsley
Manchester M28 2UT
Fax: 0800 |11 555

In the Republic of Ireland:

Dublin (01) 409 1800

BOC Gases Ireland

P.O. Box 201, Bluebell

Dublin 12, Republic of Ireland

Fax: 01 409 1081 SFT/007286/BRUK/0498/5M(25)

Flease ohotocooy f futher coples required

Figure_apx L-16: Safety data sheet BOC Gases Alushield Light Universal Heavy;

a) Pagel, the chemical composition of the Ar/He 50/50 mixture BOC Alushield

Universal is underlined in yellow; b) Page 2
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The material safety data sheet of the shielding gas helium (He) BOC Helium,

compressed is revealed in figure_apx |-17.

a) & BOC

A Mcmber of The Linde Group

Safety data sheet
Helium, compressed.
Creation date : 27.01.2005 Version: 1.4 GB/E SDS No. : 8312
Revision date : 01.04.2011 page 1/4
SECTION 1: Identification of the substance/mixture and of the None.
company/undertaking o _
L& Yy L
1.1. Product Identifier None.
Product name
Helium, compressed. Procautionary Statement Storage
Trade namo P403 Store in a well-ventilated place.
Balloon Gas
P jonary nt Disp
EC No (from EINECS): 231-168-5 None,
CAS No: 7440-59-7
Index-Nr. - 2.3. Other hazards
Chemical formula He None.
REACH Registration number.
Listed in Annex IV/V of Regulation (EC) No 1907/2006 (REACH),
exempted from registration. SECTION 3: C ition/inf ion on ingredi
1.2, Relevant identified uses of the or and / Mixture. Substance.
uses advised against
Relevant identified uses 3.1. Substances

Industrial and professional. Perform risk assessment prior 0 use.
Uses advised against

Do not breathe the gas., Inhaling helium may cause asphyxiation
followed by death

1.3. Details of the supplier of the safety data sheet
Company identification

BOC, Priestiey Road, Worsley, Manchester M28 2UT
E-Mail Address ReachSDS@boc.com

14.E bl 7 Ll
gency phone

(24h): 0800 111 333

SECTION 2: Hazards identification
2.1. Classification of the substance or mixture

Classification acc. to Regulation (EC) No 1272/2008/EC
(CLPIGHS)

Press. Gas (Compressed gas) - Contains gas under pressure; may
explode if heated.

Classification acc. to Diroctivo 67/548/EEC & 1899/45/EC
Not classified as hazardous to health.

Asphyxiant in high concentrations.

Risk advice to man and the environment

In high cor may cause asphy

Compressed gas.

2.2. Label elements

- Labelling Pictograms

- Signal word
Waming

- Hazard Statements

H280 Contains gas under pressure: may
explode if heated

EIGA-As Asphyxiant in high concentrations.

- Precautionary Statements

P y St P

312

Helium, compressed.

CAS No: 7440-59-7

Index-Nr.: -

EC No (from EINECS): 231-168.5

REACH Registration number:

Listed in Annex IV/V of Regulation (EC) No 1607/2006 (REACH),
exempted from regisiration

Contains no other components or imp:
classification of the product.

which will i the

3.2. Mixtures
Not applicable.

SECTION 4: First ald measures

4.1. Description of first ald
First Ald General Information:
Remove victim to ur inaled area ing sell contained
breathing apparatus. Keep victim warm and rested. Call 2 doctor.
Apply artificial respiration If breathing stopped.
First Aid Inhalation:

victim to 1 d area ing self contained
breathing apparatus. Keep victim warm and rested. Call a doctor.
Apply artificial resgiration if breathing stopped
First Aid Skin / Eye:
Adverse effects not expected from this product.
First Aid Ingestion:
Ingestion is not considered a potential route of exposure

4.2. Most important symptoms and effects, both acute and
delayed

In high concentrations may cause asphyxiation. Symptoms may
include loss of mobxlity/conscicusness. Victim may not be aware of
asphyxiation.

4.3. Indication of any i diat dical and special
treatment needed
None.

SECTION §: Fire fighting measures

§.1. Extinguishing media

Suitable extinguishing media

All known extinguishants can be used.

5.2, Special hazards arising from the substance or mixture
Specific hazards

8312/EDV/29.03.2011



w7 BOC

A member of The Linde Group

Safety data sheet
Helium, compressed.
Creation date : 27.01.2005 Version: 1.4 GB/E SDS No. : 8312
Revision date : 01.04.2011 page2/4

Exposure to fire may cause containers to rupture/expiode

P

None.

5.3. Advico for firo-fighters

Specific methods

If possible, stop flow of product. Move container away or cool with
water from a protected position

Qnacial " ! for firo-

In'eonin;d space use self-contained breathing apparatus.

SECTION 6: A

6.1. P | p ions,
] procedures
Evacuate area. Wear self- when
enlering area unless atmosphere is proved 1o be safe. Ensure
adequate air ventilation

and

P P

6.2. Environmental precautions
Try to stop release.

6.3. Methods and i
Ventdate area

ial for and ch

gup

6.4. Ref to other i
See also sections B and 13.

SECTION 7: Handling and storage

7.1. Pracautions for safe handling

Suck back of water into the cont; must be pr Use only
properly specified equipment which is suitable for this product, its
supply pressure and temperature. Contact your gas her if in

free from fire risk and away from sources of heat and ignition. Keep
away from ignition sources (inciuding static discharges). Keep away
from combustible materials.

7.3. Specific end use(s)
None.

SECTION 8: E

8.1. Control parameters
No occupational exposure limit.

8.2. Exposure controls

Product o be handied in a closed system. Oxygen detectors should
be used when asphixialing gases may be released. The substance
must be handled in accordance with gooa industnal nygnene and

safety procedures. Conslaer work permit system eg. for
ce activities. Sy under pi should be regularly
Provide | or local

Eye and f;co prohcu;n i
Wear eye protection to EN 166 when using gases

Wear leather safety gloves and safety shoes when handling
cylinders.

Respiratory protection

Not required

Thermal hazards

Not required

Environmental Exposuro Controls

Spedific risk

re not y good

doubt. Refer to s g instructions. Do not allow
backfeed into the Only and

instructed persons should handle gases under pressure. “Protect
cylinders from physical damage: do not drag. roll, side or drop.
Never use direct flame or electrical heating devices to raise the
ptesm of a container. Do not remove or deface labels provided by

pplier for the i of the cylinde Wnen

movhg mﬁmen even for short dlstancoc use a cart (trolley, hand
truck, etc.) designed to Leave valve protection
caps in place until the container has been secured against either a
wall or bench or placed in a container stand and is ready for use.
Ensure the complete gas system has been (or s regularly) checked
for leaks before use If user experiences any dtfnomy operaﬂng

g ang safery procedures. Refer to local regulatons
for restriction of to the atr See section 13 for
specific methods for waste gas treatment.

SECTION 9: Physical and chemical properties

9.1. Info on basic physi
General information
Appearance/Colour: Colouriess gas

QOdour: None.

Melting point: -272,2 °C

Boiling point: -269 °C

Flash point: Not applicable for gases and gas mixiures.

and chemical properti

cylinder valve discontinue use and contact
valve after each use and when empty, even if sﬂl conneaed 10
equipment. Never attempt 10 repair or modify container valves or
safety reliefl devices. Danagod valves sheuld be reported
immediately to the supp eplace valve outiet caps or plugs and

F bility range: Non flammable

Vapour Pressure 20 °C: Not applicable.
Rolative density, gas: 0,14
Solubility in water: 1,5 mg/l
Autoignition Not

container eaps where swpllod as soon as container is

from equipment. Keep container valve cutlets clean and free from

contaminates particularly oll and water Never attempt to transfer

gases from one cylinder/container to another. Do not smoke while
subst mus! be dled in

aoc EU g Not
Explosiva acc. transp. reg.. Not axplosnva
Oxidislng proporﬂn Nol applicable

handling p

with good industrial hygiene and safety procedures
7.2. Conditions for safe ding any i tibilities
Keep container below 50°C in a wel vemumd place Observe all

ions and local g of

Containers should not be stored in I(ery to
corrosion. Containers should be stored in the vertical position and
p(opeﬂy sewad 1o prevvem !dhng over. Stored containers should be
and leskage Container
valve guards or caps shoua be in place. Store containers in location

Crlﬂcd umpcmum. 268 *C
Relative density, liquid: 0,12
9.2. Other information

None.

SECTION 10: Stabllity and reactivity

8312/EDV/29.03.2011
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7 BOC
A Member of The Linde Group
Safety data sheet
Helium, compressed.
Creation date : 27.01.2005 Version : 1.4 GB/E SDS No. : 8312
Revision date : 01.04.2011 page 3/4
10.1. Reactivity Classification Code: 1A

Unreactive under normal conditions.

10.2. Chemical stability
Stable under normal conditions.

10.3. Possibility of hazardous reactions
None.

10.4. Conditions to avoid
None.

10.5. Incompatible materials
No reaction vith any common materials in dry or wet conditions.

10.6. position pi
Under normal conditions of storage and use, hazardous
decomposition products should not be produced.

SECTION 11: Toxicological information
11.1. Infe bon o0 Soalcolonk

General
No known toxicological effects from this product.

| effects

SECTION 12: Ecological information

12.1. Toxicity
No ecological damage caused by this product.

12.2. Persistonco and dogradability
Not applicable.

12.3. Bloaccumulative potential
Not applicable.

12.4. Mobllity In soll
The substance is a gas, nolt applicable.

12.5. Results of PBT and vPvB assessment
Not dassified as PBT or vPvB.

12.6. Other adverse effects
No ecological damage caused by this product.

SECTION 13: Disposal considerations

13.1. Waste treatmont methods

Do not discharge into any place where its accumulation could be
dang: Vent to inawel d place. Contact
supplier if guidance is required.

EWC Nr. 16 0505

SECTION 14: Transport information
ADRRID

14.1. UN number

1045

14.2. UN proper shipping name
Helium, compressed

14.3. Transport hazard class(es)
Class: 2

Labels: 2.2
Hazard number: 20
Emergency Action Code: 2T

14.4. Packing group (Packing Instruction)
P200

14.5. Environmental hazards
None

14.6. Special precautions for user
None.

IMDG

14.1. UN number
1046

14.2. UN proper shipping name
Helium, compressed

14.3. Transport hazard class(es)
Class: 2 2

Labels: 2.2

EmS: FC, SV

14.4. Packing group (Packing Instruction)
P200

14.5. Environmental hazards

None

14.6. Special precautions for user

None

14.7. Transport in bulk according to Annex Il of MARPOL73/78
and the IBC Code
Not applicable

IATA

14.1. UN number
1046

14.2. UN proper shipping name
Helium, compressed

14.3. Transport hazard class(es)
Class: 22
Labels: 2.2

14.4. Packing group (Packing Instruction)
P200

14.5. Environmental hazards
None.

14.6. Special precautions for user
None.

Other transport information

Avoid transport on vehicies where the load space is not separated
from the driver's compartment. Ensure vehicle driver is aware of the
potential hazards of the load and knows what to do in the event of
an d or an gency. Before transporting product
containers ensure that they are firmly secured. Ensure that the
cylinder valve is ciosed and not leaking. Ensure that the valve outlet
cap nut or plug (where provided) is correctly fitted. Ensure that the

8312 /EDV/29.03.2011
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d) &7 BOC

A Member of The Linde Group

Safety data sheet
Helium, compressed.
Creation date : 27.01.2005 Version : 1.4 GB/E SDS No. : 8312
Revision date : 01.04.2011 paged/4

valve protection device (where provided) is comrectly fitted. Ensure
d ion. Ensure with I lal

SECTION 15: Regulatory information

15.1. Safety, heaith and gulations/|
specific for tho substance or mixture
Seveso Directive 96/82/EC: Not covered.

15.2, Chemical
A CSA does not need to be carried out for this product

SECTION 16: Other Information

Ensure all nationallocal regulations are observed. The hazard of
phyxiation is often and must be stressed during

operator training. Before using this product in any new process or

experiment, 2 thorough material compatibiity and safety study

should be carried out

Advico

Whilst proper care has been taken in the preparation of this

decument, no iabilty for injury or damage resulting from its use can

be accepted. Details given in this document are believed to be

correct at the time of geing to press.

Further information

Note:

When using this document care should be taken, as the decimal

sign and its position complies with rufes for the structure and

drafting of international standards, and is 2 comma on the line.

As an example 2,000 is two (to three decimal places) and not two

thousand, whilst 1.000 is one thousand and not one (lo three

decimal places).

End of document

8312/ EDV/29.03.2011

Figure_apx L-17: Safety data sheet BOC Gases Helium, compressed; a) Pagel; b)
Page 2; c) Page 3; d) Page 4
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L.5 Pin-on-Disc wear test consumables

The wear pin of the POD is made of the pad material displayed in figure_apx
-18.

2 [FERODO|

THE FIRST NAME IN BRAKES
TECHNICAL DATA SHEET
FERODO 3216F

Description

Ferodo 3216F is a non asbestos-conformable pad suitable for mainline and LRV applications

Applications

Ferodo 3216F is used on various Mainline and Tram / Metro applications throughout Europe.

Characteristics

Ferodo 3216F offers:

» Suitable for a wide range of speeds.

» Suitable for a wide range of loads.

» 0.35 p pad with good wet performance.

» High temperature pad.

» Noise free.

» Suitable for axle and wheel mounted discs. FERODO 3216F PAD
» Excellent pad wear.

» Suitable for use with cast iron and steel discs.

FEDERAL _
MOGUL
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TECHNICAL DATA SPECIFIC CONTACT PRESSURE ( Nienv )
RECOMMENDED OPERATING CONDITIONS
Max. Disc Temperature:- Specific Unit Pressure <150N/cm?
-Continuous 350°C Maximum Speed 70m/s
-Peak 600°C Recommended Mating material cast iron and steel.
PHYSICAL PROPERTY DIN UNITS RESULT
Density SCTI1S gl/cm® 3.00
Tensile Strength MTTP 024 N/cm? 281
Izod Impact MTTP 055 J 1.27
Modulus in Compression MTTP 012 N/cm?® 25000
Rockwell Depth of Penetration
{30g major load, 25.4 mm & ball) SCT 41 mim 0.20
Specific Heat capacity MITP 043 kJ/kgK 0.733
Dynamic u for Design Purposes 0.35
Federal Mogul Friction Products Ltd. FITNESS FOR PURPOSE
Chapel-en-le-Frith rbchactabe quely s B fr o goeal 0SS
High Peak - SK23 0JP - England for which they are supplied. The contents of this
Tel: 01298 811300 Fax: 01298 811580 PRt Thes kot Wl b oo il
and is nof guaranieed FEDERAL

MOGUL

Figure_apx L-18: Technical data sheet of the Ferodo 3216F pad, from which the
POD test pins are made; a) Page 1; b) Page 2
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