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Abstract 

Protecting components against severe wear and corrosion in high temperature environments is an 
ongoing challenge that is often resolved by applying an advanced functional coating. Environments 
like steam turbines present ever-evolving demands with industrial push to utilise higher operating 
temperatures that in turn increase power generation efficiencies.  

Tribaloy T800 is a superior coating composition that presents challenges in processability due to its 
low toughness and crack susceptible nature. Weld overlay/ cladding processes based on fusion 
technology such as Laser Metal Deposition (LMD) (AKA Laser Cladding) offer significant benefits for 
the application of coating materials including a high strength metallurgical bond and a dense, defect 
free coating. LMD generates more rapid melting and solidification of the alloy compared to arc 
cladding, which produces a fine microstructure, but can lead to solidification cracking due to induced 
thermal stresses during the process and a lack of toughness in the coating material. 

A small number of papers and published research projects have looked into LMD coatings of Tribaloy 
T800 with the ultimate aim to prove the feasibility of protecting components in high-temperature 
(600-1000°C) gas turbines, jet engines, shafts and pumps. Many of these studies conclude the findings 
of process optimisation, material characteristics and integrity, based on small-scale deposits. Small 
area deposits can present a lack of representation compared to full-scale coatings, including thermal 
control/accuracy, residual stresses, and even effects on dilution. In all circumstances, preheating was 
found to reduce or eliminate cracking by minimising the thermal shock and cooling rate of the alloy 
upon solidification.  

In this study, part of the objectives was to review and ensure the relevance of the experiments and 
findings for transferability to full-scale components. Using Design of Experiments (DoE), experiments 
were constructed that evaluated the relationship between dilution, hardness and cracking response 
of the LMD deposited T800 against critical process variables including particularly induction heating 
temperature. One substrate alloy was investigated, 316L stainless steel, (although there was an 
intention to transfer developments to In718 nickel superalloy at a later stage). Through this process, 
it was determined that cracks form during solidification of the meltpool. 

Another objective was to evaluate two methods of improving coatings speeds for the application of 
T800, 1) by implementing equipment adaptions to increase melt pool size and material feed rate and 
2) to make initial assessment of a novel LMD technique known as Extreme High-speed Laser
Application (EHLA).

Cracking was only eliminated in the large-scale undiluted coatings of T800 when using high levels of 
substrate heating (800-950°C) prior and during the coating operation by induction-assisted LMD. The 
resultant material behaviour of the deposited T800 showed promising results in terms of material 
integrity, and tribological and protective properties. Improvements in coating speeds were made 
when using laser defocus methods and increased deposition rate from 300 grams/hour to 600-
1000grams/hour, though increased cracking was observed.  

Trials using EHLA demonstrated unique process characteristics of high-speed thin coatings with 
promising cracking behaviour at lower preheat temperatures than required for LMD (200-500°C), 
ultra-low dilution and good material properties.  
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DED Directed Energy Deposition 
LC Laser Cladding 
DMD Direct Metal Deposition 
LENS Laser Engineered Net Shaping 
DoE Design of Experiments 
EHLA Extreme High-speed Laser Application also known as ultra-high-speed 
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Chapter 1 
 

 

Introduction 
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1 Chapter 1 - Introduction 

Tribaloy T800 is a hardfacing alloy developed as a galling wear and corrosion resistant 
coating in high temperature environments where lubrication is not feasible. The hardness 
of the material comes primarily from 50% hard intermetallic Laves phase and results in a 
low toughness that makes it extremely challenging to apply T800 crack free by many coating 
technologies. High levels of molybdenum and chromium generate the formation of the 
Laves phase and high levels of corrosion resistance. T800 is generally considered for 
applications where nickel-based superalloys are employed as base materials due to their 
high strength, corrosion, oxidation resistance at elevated temperatures.  

The application of a hard facing material to the surface of a component is a common 
industrial process used to enhance wear resistance and commonly increase corrosion 
resistance.  It can be applied using a range of different methods and materials, depending 
on a number of factors such as substrate size, complexity and access to a surface, coating 
thickness, performance, and cost. However, there is always a trade-off between speed of 
deposition and level of adhesion (which is directly proportional to the quality of coating). 
For example, a thermal sprayed coating has high coverage rate (125 cm2/min (1)) but the 
bonding mechanism can be weak (mechanical interlocking with some diffusion) leading to 
poorer performance for the harsher environments.  By contrast, Laser Metal Deposition 
(LMD) uses a focused laser beam to fully fuse powder to a substrate, giving a vastly superior 
coating (>99.9% dense, metallurgically fused and relatively defect free (1)), but applied at a 
much slower rate (25 cm2/min (2)). Therefore, the first key driver for this research is to 
investigate the methodology behind producing high performance coatings with the superior 
quality of the LMD process. The second key driver is to investigate how to produce these 
LMD coatings in a more cost effective manner, primarily by increasing the area coverage 
and deposition rate. 

  

1.1 Laser metal deposition  

LMD is one of the Directed Energy Deposition (DED) family of technologies, and is often 
referred to by a number of names including Laser Cladding (LC), Direct Metal Deposition 
(DMD) and Laser Engineered Net Shaping (LENS). LMD is a technology that can be adapted 
to many applications including coatings, repair, feature addition and freeform additive 
manufacturing. 

Laser Metal Deposition (LMD) can be a powder or wire fed process. The focus of this report 
is on the powder-fed variant. Figure 1 shows a schematic of the powder LMD process. An 
optical system above the powder nozzle controls the laser beam and focuses it onto the 
substrate at the desired stand –off distance of the nozzle. The laser creates a molten pool 
on the substrate and the nozzle feeds powder into the molten pool. A manipulation platform 
such as a robot and/or moving stage traverses the nozzle and/or substrate to produce a 
continuous coating or a freeform, multi-layered, deposit.  
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Figure 1 Schematic of the Laser Metal Deposition process using powder feedstock. (3)  

The process typically results in a material utilisation of 60-95%. Track width can range from 
0.5mm to more than 10mm and layer heights from 0.2mm to 2mm, depending significantly 
on equipment used but also the materials applied (4). LMD can be a net or very near net 
shape process in which small melt pools and track heights are used to create and control 
the geometrically accuracy and surface finish within the limitations of the process. This is 
considered similar to the surface finish that can be achieved in casting, approximately 10-
20µm Ra (5). However the profiles of the tracks and overlapping zones of individual tracks 
on the single layer and multilayer planes, are what gives a waviness to the final deposits and 
which usually defines how much post processing is required, based on application 
specification. Where large tracks are used (several mm’s wide and up to 2mm tall), this 
generally gives a lower quality surface finish particularly in surface waviness and final layer 
geometrical accuracy, in which case, LMD coatings and parts may require a secondary 
machining and/or finishing processes to achieve the final part geometry. However, in most 
scenarios, post process machining or finishing is required on functional surfaces.   

Conventionally LMD was developed for coating applications and now spans across four 
applications of coatings, repair, feature addition, and freeform 3D manufacturing. These 
applications can sometimes intermix (for example a coating as a repair), but can generally 
be distinguished.  Examples shown in figure 2.  
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Figure 2 LMD application spaces and examples. Images for coatings, repair, and 3D, property 
of TWI, image hybrid features, property of Manufacturing Technology Centre.  

 

There are a significant number of parameters that influence the LMD process, the exact 
number is argued but there is a common consensus that the number of variables is 
significantly beyond those summarised in Figure 3 (6). However, most of the key parameters 
are given in Figure 3. Each parameter has a different weighting of variability and effect on 
the deposit. However, strong interdependencies also means each parameter needs to be 
considered against all others in order to control the process and achieve an optimised 
quality of the deposit. Generally, the four most critically weighted parameters that influence 
conditions are laser power, scanning speed, feedstock rate, and shielding gas.  The simplified 
effects of the major parameters can be seen in table 1 below. In this research, these critical 
parameters were fixed where possible and the focus of the work was in developing thermal 
control conditions via an induction heating process.  
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Table 1, key parameters and simplified effect on deposit characteristics.  

 

 

Figure 3 Summary of powder LMD process parameters and deposit characteristics. 

 

1.2 Induction heating 

Induction heating is the process of heating an object, through heat generated in the object 
by eddy currents, created by electromagnetic induction. Induction heating is highly effective 
on materials that are good conductors of electricity (7). The process works therefore on 
many industrially relevant substrates for coating applications such as steels.  

Increasingly there is a need to have better performing coatings in industrial applications. To 
enable many of these high performance coatings, a technology or combination of 
technologies need to be capable of precisely controlling the thermal history of the coating 
throughout the stages of preheat, deposition, and post process cool down. LMD in 
combination with induction heating could provide a viable solution to this challenge. 
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1.3 Research Aim and Objectives 

The aim of the research is to reduce or eliminate crack formation during LMD cladding in 
crack sensitive materials through the incorporation of induction heating.   

 

The objectives of the research include: 

In this study, part of the objectives was to review and ensure the relevance of the 
experiments and findings for transferability to full-scale components. Using Design of 
Experiments (DoE), experiments were constructed that evaluated the relationship between 
dilution, hardness and cracking response of the LMD deposited T800 against critical process 
variables including particularly induction heating temperature. One substrate alloy was 
investigated, 316L stainless steel, (although there was an intention to transfer 
developments to In718 nickel superalloy at a later stage). Through this process, it was 
determined that cracks form during solidification of the meltpool. 

Another objective was to evaluate two methods of improving coatings speeds for the 
application of T800, 1) by implementing equipment adaptions to increase melt pool size and 
material feed rate and 2) to make initial assessment of a novel LMD technique known as 
Extreme High-speed Laser Application (EHLA).  
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Chapter 2 
 

 

Literature and state-of-the-art review 
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2 Chapter 2 - Literature and State-of-the-art Review 

2.1 State-of-the-art summary 

Many commercial surface-coating technologies are well established for protecting against 
harsh environments such as wear, corrosion and oxidation. In the case of large surface area 
claddings, gas metal arc welding (GMAW also known as metal inert gas (MIG)), submerged 
arc welding (SAW) or thermal spray techniques are often chosen based on their high 
material deposition rates (8). However, the heat input involved for GMAW results in 
significant dilution of the clad material into the underlying substrate, high residual stresses, 
and component distortion (8). Conversely, thermal spray coatings only provide a mechanical 
bond to the substrate and can spall when subjected to impact, bending stresses or high 
loadings (1). How these technologies fit into wear and corrosion protection is shown in 
Figure 4 but is highly dependent on the application, however generally more than 20 µm 
and less than 1 mm of coating thickness is required to be fit for purpose (8, 9).   

 

Figure 4 Process suitability based on typical coating thickness applied and typical 
requirements for wear and corrosion applications. Source Fraunhofer ILT (8). 

 

LMD generally sits in a relatively narrow niche of economically viable applications requiring 
lower heat input, or higher choice of material solutions than deposition welding techniques 
while accepting the drop in deposition rate, but higher bond strength, thickness and 
performance than thermal spray techniques, again while being a slower process. LMD can 
somewhat be considered as a balance between many of the coating processes such as those 
presented in Table 2.  
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Table 2 State-of-the-art coating comparison table produced as guided values and comments 

(key: Red=worse, Blue=okay, Green=better) 

Deposition/ 
Coating 
Technology 

Surface 
area 
coverage 

 

(cm2/min) 

Coating 
linear 
speed 

 

(m/min) 

Depo-
sition 
rate 

 

(kg/hr) 

Material 
yield 
efficiency  

 

(%) 

Coating 
thickness/ 
layer 

 

(mm) 

HAZ depth 

 

 

(µm) 

Bond strength 
& mechanism 

Material 
density 

 

(%) 

Process 
stability 
(defect 
rate) 

 

High Velocity 
Oxygen Fuel 
(HVOF) Thermal 
spray 

100-150 
(10) 

0.5 – 5 1-3 <50% (10) 0.05-0.8 Low (0) 
Low, 
Mechanical 

85-97 
High P 
<0.05 

Submerged arc, 
Wire arc / GTAW 

10-60 0.5 – 2 1-20 99.8% 1-3 
High (1000-
2000) 

High, 
metallurgical 

>99.9 
Medium P 
<0.01 

LMD/ laser 
cladding 

10-40 0.5 – 2 0.5-12 >80% 0.3-2.0 
Medium 
(500-2000) 

High, 
metallurgical 

>99.9 
Low P 
<0.001 

EHLA 100-1000 25-200 1-6 >80% 0.01-0.4 Low (5-50) 
High, 
metallurgical 

>99.8 
Low P 
<0.001 

 

In terms of some of the key features of coatings and deposition, LMD is a highly adaptable 
process and the most suitable equipment/setup is very much dependent on the particular 
requirements of the application. Two examples of the extreme variation in capabilities of 
different LMD techniques are shown in Table 3. 
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Table 3 SOTA LMD techniques 

Thin coatings Bulk deposition and thick coatings 

Extreme high-speed laser 
application (EHLA) for low dilution 
and high area coverage. 

Conventional laser metal deposition with diffractive 
optics or beam defocus for high bulk deposition rate. 

  

 

Source Fraunhofer ILT (8) 

 

Source Fraunhofer IWS (11) 

Laser power 2-10kW + Laser power 3-20kW+ 

20-300µm thick per layer 500-1500µm thick per layer 

Coverage rate up to 1000cm2/min Coverage rate up to 40cm2/min 

1-6 kg/hr 1-12 kg/hr 

HAZ 5-50µm HAZ 500-1000µm 

Disrupting conventional 
technologies of: 

thermal spray and electroplating 

Disrupting conventional technologies of: 

arc-wire (submerged arc, TIG, MIG overlay).  

 

In 2017, Fraunhofer ILT released a new nozzle technology that has been rapidly gaining 
research based and industrial interest. The extreme high-speed laser application 
(application, cladding, or metal deposition) (EHLA) nozzle is described as a step change for 
the LMD coatings technology. In the case of EHLA, the powder is injected into the laser beam 
and melted before it reaches the molten pool. This allows process speeds of several 100 
m/min, conventionally 1-2m/min (8). The nozzle is in affect reducing the required layer 
thickness of the coating as it further reduces the dilution between the substrate and fused 
powder by minimising the energy input of the laser into the substrate and yet still 
maintaining a fusion bond. The key differences between conventional LMD and EHLA are 
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shown in Figure 5 below. With EHLA, multiple thin layers could be built up to equal a single 
layer thickness applied by LMD, this could lead to advantages in terms of substrate heat 
input, deposit microstructure, crack susceptibility, distortion and more. Further research in 
this topic could be very useful for informing best practices.   

 

 

 

Figure 5 schematic of LMD and EHLA process specifics (Top image front view, bottom image 
side view).  

 

2.1.1 Thermal control and induction heating of the substrate 

Preheat is a well-established technique used just prior to cladding, to prevent cracking. By 
incorporating preheat into the process there is a reduction in the cooling rate of the 
deposition. This enables the deposition of harder materials without cracking, and reduces 
the effect of excessive hardening (especially within the HAZ). However, many techniques 
are limited for controlling the overall thermal history of the component production. For 
example applying a preheating step only using a furnace, provides a relatively good control 
for the starting temperature of the substrate but limits the thermal control once the 
deposition process has begun (12). 
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Increasingly there is a need to enhance coatings used in industrial applications. To enable 
many of these high performance coatings, a technology or combination of technologies 
need to be capable of precisely controlling the temperature of the substrate/coating 
throughout the stages of preheat, deposition, and post process cool down. LMD in 
combination with induction heating could provide a solution to this challenge.  

Induction heating is the process of heating an object through heat generated in the object 
by a varying magnetic field known as eddy currents, created by electromagnetic induction. 
Essentially by creating an alternating current within a copper induction coil, a magnetic field 
is generated. The field is interrupted by the work piece metal placed inside the middle of 
the coil, and wraps itself around the work piece at a high rate. As the field continues to spin 
around the metal, it generates heat within the work piece. The heat is generated by the 
resistance within the work piece metal itself at the surface, acting as a “friction”. Heat 
travels through the work piece by conduction.  Induction heating is highly effective on 
materials that are good conductors of electricity. The process works therefore on many 
industrially relevant substrates for coating applications such as steels. D. Shim et al. 2017 
concludes that induction preheating prior to using a deposition process results in a slower 
solidification rate, leading to grain coarsening from fine equiaxial to columnar dendrites, 
but no significant hardness reduction in the deposited M4 tool steel. The induction-heated 
samples had reduced residual stress, especially at the substrate to deposit interface, 
increasing tensile strength. Notable from the graphs in figure 6 is that the temperature 
range when depositing was significantly tighter when preheating the material. (7) 

 

 

Figure 6 Temperature variation measured in the bulk substrate during deposition with and 
without induction preheating. Where high-temperature preheating (right) enables a 
completely difference thermal profile (7). 

  

M. Dalaee et al. 2020 highlight the challenges of using induction heating with some 
ferromagnetic powder alloys that are susceptible to the effect of the magnetic field causing 
accumulation of powder that can disrupt the LMD process. Magnetic flux controllers (MFC) 
similar to the ones used in this project setup were used with success to direct the magnetic 
field more effectively than using a coil without MFC. (12) 
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2.1.2 State-of-the-art conclusions 

LMD can be used as an advanced coating technology for the application of many metallic 
materials, providing a high integrity bond and surface engineering solution. LMD offers 
lower dilution than many conventional weld deposition technologies but struggles to 
compete in high volume markets where thin coatings of 10µm to a few hundred µm are 
applied. EHLA is a new branch of LMD with great potential but lacking in data and validation 
to back up the potential of the technology. Both technologies are suitable candidates for 
investigation into depositing crack susceptible materials such as some of the extreme 
hardfacing alloys detailed in section 2.5.2. 
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2.2 Key process considerations 

2.2.1 Dilution 

Dilution is a term used when welding two dissimilar alloys together – in terms of LMD when 
a base alloy is clad with a dissimilar coating alloy. To achieve a metallurgical bond, some 
mixing at the interface of the clad and the base material is required. The molten substrate 
and coating material mixes at the interface, resulting in a zone of diluted material chemistry. 
The hotter the weld pool and the longer it remains above the solidification transition 
temperatures of the alloys, the wider and deeper the dilution zone becomes. Dilution can 
be challenging to determine and measure. B. Song et al. 2016 found that different methods 
of measuring dilution gives highly variable results. No conclusion on the optimal method 
was made in that study. (13) It is common for the valve manufacturing industry to apply 
industry standard alloy Cobalt 6 (nominally 62Co 29Cr 4.5W 1.2C commonly called Stellite 
6™) to their valve seating surfaces. Due to concerns about dilution, their typical cladding 
thickness specifies 3 mm to 8 mm. (14) Some processes require this thickness to ensure that 
the only the cladding composition remains in the upper surfaces and are not compromised 
by the base material elements. However, the more material added to the component by 
fusion technologies the greater the induced residual stresses and distortion, and the higher 
the filler material cost, the longer the deposition time and potentially the post process 
finishing time. LMD can minimize dilution with greater heat input control versus other DED 
technologies, ensuring full material properties of the clad are achieved within 0.25mm to 
1mm of the deposit interface, and within 5µm to 50µm with EHLA. In many wear protection 
applications, chromium coatings are applied at only 30-250µm thickness to adequately 
protect the component for the intended lifespan. (9) 

 

Table 4 – Table extracted from BS EN ISO 6158:2018; table shows typical coating thicknesses 
by plating techniques for discrete levels of severity of wear (9) 

 

 

Quantifying dilution from welding and deposition fusion processes seems to be rarely 
considered as a problem or issue needing further understanding and is often overlooked. 
However, it seems that commonly the definition is over-simplified and potentially incorrect 
in some cases. The approach idealises dilution as a distinct region below the coating layer 
within the substrate material. Figure 7 shows the generalised definition and equation, and 
figure 8 aims to closer represent reality of the graded dilution between the substrate and 
coating.  
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Figure 7 Conventional schematic diagram showing the clad layer in two parts, pure coating 
material (region B thickness), and melted substrate material (region A thickness). The 
dilution depth is often described as a percentage and given by A/(A+B). 

 

 

Figure 8 representation of the grading of dilution between the alloys between the coating 
and substrate, above and below the original substrate surface.  

 

2.2.2 Key parameter interactions 

The correlations of parameters found by experiments in Oliveira (15) were summarised into 
one chart Figure 10. Clad height (H) was calculated from the reciprocal relationship of travel 
speed over powder feed rate (S/F). The function of S/F is plotted against Power (W). The 
line at S/F = 0.047 is marked as the boundary to which all points right fulfill the condition α 
> 100°, angle alpha (known as the wetting angle) is the suggested criterion for the minimum 
wetting angle required for forming fully dense layers free of porosity. It is predicted that the 
angle forms a limiting factor when attempting to increase deposition rate (while maintaining 
non-porous, low diluted coatings), which may be resolved by using a larger laser spot size, 
increasing laser power and powder feed rate (i.e. keeping the overall energy density at a 
similar level to the desired condition). (15) 

 

Figure 9 – Example of a LMD deposit wetting angle (ɑ) 
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It is stated that dilution (D) is linearly controlled by the combined parameterඥ𝑃𝑆/𝐹, the 
constant dilution curve will form a hyperbolic function. Curves for constant dilutions 5% and 
30% are depicted by two solid curves. The experimental area limited by these two solid 
curves and by the vertical line from a left side reveals the practical processing window 
(shaded area). (15).  

 

Figure 10 – Processing window for coaxial laser cladding in P vs. S/F representation.  Points 
correspond to analysed laser track cross sections. Vertical solid line determines the clad 
angle condition required for continuous coating; two solid hyperbolas terminate an area of 
allowed dilution and the grey area shows the window, where an optimal clad layer can be 
formed. Dashed curves are isolines with denoted values of clad area (clad spot size). (15) 

 

It is possible using analytical methods to calculate the required laser power required to melt 
both that of the substrate and powder. These equations could be useful in reducing the 
breadth of DoE for the practical trials as the analytical methods can give indications on the 
minimal power to heat the materials. The accuracy of the equations depends on the 
accuracy of the relations between the given parameter figures and the true values (which 
might not be measured due to lack of technology, or averaged due to complex variations, 
such as the differences caused by the range of powder particle sizes).  (15) The power 
required to heat the material is defined by: 

 

Substrate: 

 

 

Equation 1 
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 Powder: 

 

 

Using:  

 

and: 

 

Where    

Pms and Pmp are the power required to heat the substrate and powder to melting 
temperature respectively 

Tms and Tmp are substrate and powder melting temperature respectively 

Tis and Tip are substrate and powder initial temperature 

Ks is the substrate thermal conductivity 

αs is the substrate thermal diffusivity 

tint is the laser beam interaction time with the substrate 

mp is the powder particle mass 

Cp is the thermal heat capacity of the powder material 

Tmp is the particle melting temperature 

Tip is the particle initial temperature  

Sint is the laser beam/substrate interaction area 

ε is the powder extinction coefficient (ε=3(1-Ap)/2 ρprp) 

As is the substrate absorption coefficient  

Ap is the particle absorption coefficient  

Ape is the powder cladding efficiency coefficient 

ρp is the powder material density 

rp is the radius of the powder particle  

νp is the powder particle velocity 

Sp is the particle cross section 

(15) 

Equation 2 

Equation 3 

Equation 4 
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2.2.3 Energy Density 

Energy density is one way of assessing the combination of processing parameters. Caution 
should be taken when treating energy density as the solution for creating optimal 
processing conditions by LMD. The relationship between materials, laser power, spot size, 
travel speed and material feed rate creates a complex matrix of dependencies. LMD is used 
for a wide array of applications, from surface cladding to manufacture of near net shape 3D 
components. The varying requirements based on individual applications cause changes to 
the required parameters and therefore by extension, the required/optimal energy density. 
It is also possible to achieve matching energy densities by two very different combinations 
of parameters. Internal work at TWI, has shown that this can result in vastly different 
consolidated material, where equivalent energy densities can give “good” and “poor” 
quality deposition. It is therefore not advisable to focus on achieving specific energy 
densities, but there is still opportunity for further investigation to understand how the 
values are changing throughout the planned parameter windows.  

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐽𝑜𝑢𝑙𝑒𝑠/𝑚𝑚ଷ) =
𝐿𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 (𝑊)

𝑆𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 (𝑚𝑚/𝑠) ∗  𝑆𝑝𝑜𝑡 𝑎𝑟𝑒𝑎 (𝑚𝑚ଶ)
 

 

 

 

𝑀𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑚𝑚ଷ) =
𝑃𝑜𝑤𝑑𝑒𝑟 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 (𝑔/𝑠)

𝑆𝑐𝑎𝑛 𝑠𝑝𝑒𝑒𝑑 (𝑚𝑚/𝑠) ∗  𝑆𝑝𝑜𝑡 𝑎𝑟𝑒𝑎 (𝑚𝑚ଶ)
 

 

 

 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐽𝑜𝑢𝑙𝑒𝑠/𝑔) =
𝐿𝑎𝑠𝑒𝑟 𝑝𝑜𝑤𝑒𝑟 (𝑊)

𝑃𝑜𝑤𝑑𝑒𝑟 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 (𝑔/𝑠)
 

 

2.3 Design of Experiments overview 

Many methods of design of experiment (DoE) can be used to effectively investigate the 
interactions and behaviours of the process parameters. Taguchi is one example of a good 
statistical method for reducing the number of experiments. Factorials (full and fractional) 
are also well defined and useful methods, where the number of runs for a full factorial is 
the number of levels multiplied by the number of measurement levels. Modifying variants 
of these designs to fit the specific experimental need is also possible with careful planning. 
For the short experimental studies tested so far, process knowledge was used to design the 
experimental field, rather than standard DoE approaches, in the instance of experiment 2c, 
a variant of factorial was used. Further work on these materials could be benefited by DoE 
evaluation and deep dives into the responses.  

 

Equation 3 

Equation 4 

Equation 5 
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2.4 Potential Processing Induced Defects 

During manufacture, treatment, and service, defects may develop within the structure of 
the coating and affected substrate material. These defects are in the form of inclusions, 
undesirable phases, porosity, lack of fusion, and cracks. 

2.4.1 Cracking 

Cracks are particularly hazardous because of the high stress concentration at the crack tip, 
which will cause the crack to grow under an applied load until the component fails 
catastrophically, or in coatings, when a crack propagates from the coating surface into the 
substrate material, providing a route to corrosion and other major failures. Cracking can be 
classified by four key mechanisms: 

 Solidification cracking; 

 Grain boundary liquidation; 

 Ductility dip and; 

 Strain age cracking. 
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2.4.1.1 Solidification cracking  

Solidification cracking or liquid-induced cracking, primarily originates in the HAZ adjacent to 
the deposit, caused by the dissolution of gain boundary phases under rapid heating. The 
dissolution of the grain boundary phases occurs at such a high rate that it forms of a low 
melting point eutectic along the grain boundary, which fails under applied tensile stress. 
This can be due to intergranular cracking or fracture, and due to several factors including 
eutectics often being more brittle and less strong than surrounding matrix, and often 
containing impurities or secondary phases. (16) 

Fine grains in the deposit are able to withstand more strains developed during deposition. 
Additionally, the larger surface area of the grain boundary reduces the localised stress 
density along the grain boundary intersections, which are the most susceptible sites for 
crack nucleation. Finer grains also reduce the scale of elemental segregation during 
solidification, which results in thinner liquid films on the grain boundaries. (16) 

These traits indicate that the state of the substrate microstructure prior to deposition can 
play an important role in the cracking behaviour. (16) 

2.4.1.2 Grain boundary liquidation cracking  

Typically initiating at the HAZ adjacent to the deposited material, due to dissolution of grain 
boundary phases under rapid heating. The thermal cycle is too fast for complete dissolution, 
forming a low melting point eutectic along the boundary which fails under stress. (16)  

Solidification cracking and grain boundary liquidation cracking have some similarities but in 
summary, solidification cracking occurs when the weld metal solidifies and contracts, but is 
still hot and ductile, while grain boundary liquidation cracking occurs when the solidifying 
weld metal experiences localised melting and liquation at the grain boundaries.  

2.4.1.3 Ductility dip cracking 

Ductility dip cracking is a solid state mechanism that occurs due to loss of ductility within a 
certain temperature range below the materials solidus temperature. A combination of 
thermal and solidification stresses, including microscopic within the grain boundaries during 
precipitation of partially coherent carbide phases. This can cause melting and re-
solidification at the grain boundaries. Typically seen in alloys with low melting temperature 
constituents. It is most likely to occur with high heat inputs and/or with slow cooling rates. 
(16) 

2.4.1.4 Strain age cracking  

Strain age cracking occurs during reheating or high temperature service. The particular 
defect nucleates as micro-cracking in either the HAZ or deposit, initiating at carbide sites. 
(16) 

2.4.2 Porosity 

Porosity is a common defect occurrence found in deposits and coatings applied by many 
technologies including LMD, HVOF, and Arc deposition. Porosity can have a number of 
origins and causes, understanding these causes can help to improve in reducing the amount 
of pores and size of individual pores. In powder fed LMD, porosity can occur and be affected 
by: 
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 Gas - shielding rates, type and purity 

 Powder - entrapped porosity, shape, size, inclusions, oxidation, moisture 

 Substrate - preparation and inclusions, oxidation, moisture 

 Energy density (combination of laser power, spot size and travel speed) 

(16) 

An optimised LMD process can readily achieve over 99.9% density. When density reaches 
higher levels, measuring density accurately becomes increasingly difficult and is often 
subject to the individual macro plane and sample measured.  

Often small pores (i.e. <5µm) are introduced into the deposit from the source powder 
quality. Larger pores can more commonly be attributed to gas optimisation and energy 
density optimisation.   
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2.4.3 Lack of Fusion 

Lack of fusion defects can sometimes be described under porosity defects, but it is 
important to differentiate the lack of fusion (LoF) defect from standard porosity. LoF defects 
are not spherical in shape. These defects generally occur when the energy density is too 
low, most commonly at the edge of the melt pool/deposit track where it overlaps adjacent 
tracks. LoF can also occur between the deposit and the underlying substrate or layer due to 
insufficient energy density.  

 

 

 

Figure 11 Macro cross section of titanium LMD powder deposit with lack of interrun fusion 
defects throughout (Source TWI Ltd). Individual defects are highlighted, from two deposited 
layers, each of 5 defects.  

2.5 Industrial Challenges and Coating Applications 

2.5.1 Industrial Challenges 

The challenge of protecting components from wear, temperature (oxidation and thermal 
fatigue) and/or harsh environments is a significant long running problem within industry. 
Even when an adequate solution is found for extending the life of component, these 
solutions are often not optimised. New difficulties can come in to play, generally when 
environmental requirements change, such as increases in operating temperatures, or when 
material restrictions are issued and regulations are changed. Wear resistance provides 
common challenges within industry for component life extension, but within wear, there 
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are several particular modes, sometimes combined, such as abrasion, erosion, adhesion, 
impact, and corrosion. 

2.5.1.1 Mechanisms of wear 

There are a number of different wear mechanisms including adhesive, abrasive and fatigue. 
The key mechanism of interest in most of the investigated application is adhesive, followed 
by abrasive. Adhesive wear is usually a result of material transfer from one surface to 
another, i.e. metal to metal components surface contact. The extreme form of this is galling 
wear, in which the surfaces ‘cold weld’ together in seizure and material is torn from one 
surface (17).  

Abrasive wear is the loss of material due to hard particles that are forced against a solid 
surface. Another more substantial from of abrasion is erosion, usually short motions of fast 
particle impacts, removing material in deformation and cutting actions (17).  

2.5.2 High temperature wear and corrosion applications 

Tribaloy T800 is an extremely wear and corrosion resistant material with excellent 
maintenance of corrosion and wear properties at high temperature ( in the range operating 
range 600°C-1000°C). T800 has strong benefits as a coating in applications such as advanced 
and ultra-supercritical pressure steam turbine components, including stems and valves (18, 
19 It is an extremely difficult alloy to deposit as a coating because of its limited weldability 
and susceptibility to cracking and brittle spalling. Its prime virtue is excellent hot hardness / 
wear resistance and it can maintain 58-60HRC up to 550-600°C and 31HRC at 760°C. 
Toughness and impact resistance are also important factors, reasons why ceramic materials 
may not be suitable. Hence, it is very suitable for application in high temperature 
applications, e.g. heavy-duty internal combustion engines, exhaust valves, seat faces, 
bushings etc. Tribaloy T800 consists of hard laves phase as displayed in figure 12. Laves 
phases are intermetallic phases that have a make up of usually hexagonal arrangement, and 
AB2 composition, where A is ordered as diamond or hexagonal diamond structure, and B as 
tetrahedra around A. In Tribaloy the laves phases is known as C-14 type (MgZn2).The laves 
phases in a Tribaloy alloys are made up of mainly CoMoSi or Co3Mo2Si. (20) 
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Figure 12 SEM morphologies of the laser clad layer: (a) back scattered electron image 
showing: (1) Bakelite mount; (2) planar crystallization region; (3) cellular growth zone; (4) 
fine dendritic microstructure; (5) overlap zone between tracks. Secondary electron images 
of: (b) a detail of the cellular structure near the planar crystallization; (c) the dendritic 
microstructure of the track centre zone; and (d) the morphology of the overlapping zone. 
(20) 

 

Tribaloy T400C is a modified version of the Tribaloy alloy family. It is more oxidation 
resistant than T800, capable of high resistance to oxidation at 760°C. Like T400, T400C is 
less brittle and not quite as hardwearing, due to the approximate 10% increased Co, 
exchanged for Cr in T800, leading to a general hardness of >540Hv vs >700Hv for T800 and 
therefore has better weldability than T800, with hardness and wear resistance 
approximately 5% better than T400. T400C would make a good alternative material if T800 
were found to be unfeasible to deposit crack free. The hardness of the final materials is 
greatly dependant on the process which they are applied with and the resultant 
microstructure. (20) 

Zhang et al (21) 2011 investigated modification of Tribaloy T-800 material through the 
addition of minor alloying additions of either Y, or Al and Y. Such additions altered the 
microstructure of as-cast material and promoted refinement of the primary Laves phases 
and eutectic matrix. Casting provides relatively slow cooling and large grain growth, which 
might present differences to LMD deposits that are exposed to rapid solidification 
supressing grain growth. The alloying additions also exhibited superior high temperature 
oxidation resistance and may provide a good candidate for future coating material. 
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However, such compositions have not been deposited as coatings and are not readily 
available commercial powder for thermal spray or LMD.  

In situations where less wear and corrosion resistance can be tolerated, Tribaloy T-400 can 
be used, which provides greater ductility and therefore is less prone to cracking when 
sprayed or fusion bonded. Yao et al (20) 2006 describe a new alloy designation of T-400C, 
which has been developed with enhanced corrosion and wear resistance. Manufacturer 
brochures’ also reference Tribaloy T-401, with ‘enhanced ductility with superior corrosion 
and wear resistance’ which may be of interest when investigating potential alternative alloy 
systems. Due to the addition of 0.2% C, increase in chromium, and less silicon, T-401 does 
not contain large primary laves phase, primarily as silicon precipitates the laves phase and 
the new makeup results in a hypoeutectic structure alloy. Instead, the Laves phase is in the 
form of small particles in the eutectic region, and some carbides are present (22). A 
comparison of the Tribaloy 400 variants microstructures are shown in figure 13. 
Hypereutectic means that the alloy has a composition beyond the eutectic point, and the 
eutectic point is the maximum fraction that the primary alloying element is totally soluble 
in the substrate.  

A summary table to compare the chemical makeup of Tribaloy alloys is shown below.  

 

Table 5 chemistry comparison of the trademarked Tribaloy family of alloys.  

Tribaloy 
Grade 

Key Differentiators 
Key Elements (approx. Wt.%) Hardness 

(HRC) Co Cr Mo Si Ni Others 

T800  

High performance high 
temperature benchmark, 
highest hardness, high temp 
corrosion and wear 
resistance. 

Bal. 17 29 3.7 1.5 ~0.5 53-61 

T900 

T800  with added nickel for 
improved 
ductility/weldability but 
reduced hardness and 
temperature potential 

Bal. 17 23 2.8 16 ~0.5 48-55 

T400 
Increased weldability vs 800, 
and harder than T900, lower 

Bal. 8.5 29 2.8 1.5 ~0.5 51-57 

T400C 

Higher oxidation resistance 
than 400 and 800, slightly 
higher hardness and wear 
capabilities than 400 

Bal. 14 27 2.6 1.5 ~0.5 51-57 

T401 
Increased weldability vs 
T400C and better wear and 
corrosion res.  

Bal. 17 22 1.3 1.5 ~0.5 45-50 

T700 
Cobalt free (for Nuclear), 
lower temperature 
capabilities 

0 16 32 3.4 Bal. ~0.5 45-52 
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(a) (b) 

 

 

(c)  

Figure 13 SEM microstructures of (a) T-400, (b) T-400C, and (C) T-401. (20) 

 

Lower technology readiness level (TRL) coatings may become available, with promising 
results having been shown by so called High Entropy Alloys (HEAs) or Multi-Principal-
Element-Alloys. Such alloys consist of at least five metallic elements alloyed in 
approximately equimolar concentrations which exhibit relatively simple face centred cubic 
(fcc) and/or body centred cubic (bcc) phases. While promising results have been published 
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of high temperature wear and oxidations resistance coating performance (23), commercial 
powder is not available and such coatings currently remain only of academic interest.  

The most commonly used ceramic metal matrix coatings (aka cermet) for wear resistance 
are often based on cemented tungsten carbide (WC) compositions. Above 450-550°C such 
coatings start to degrade (due to changes in the surface morphology, changes in 
microstructural phases due to thermal expansion, and other effects). However, coatings 
based on Cr3C2 can provide adequate wear resistance up to 850-900°C (24). An investigation 
by Houdkova et al (25) 2014 compared the wear performance of a series of coatings, 
including Cr3C2-25%NiCr, Cr3C2-25%CoNiCrAlY, NiCrBSi and Stellite 6, with Cr3C2-NiCr 
exhibiting the best tribological performance.  

Laser cladding can provide advantages compared with HVOF or other thermal spray 
techniques, such as increased adhesion strength due to the formation of metallurgical 
bonds with the substrate and the formation of fully dense microstructures. Both of these 
factors can result in increased wear resistance of coatings. A study by Kusmoko et al (26) 
2014 compared the reciprocating wear performance of HVOF, plasma sprayed and laser clad 
coatings of Stellite 6 and found the laser clad coating to exhibit the lowest wear rates, linking 
the results to high density, high hardness and reasonable ductility.  

T800 coatings have been successfully deposited onto stainless steel (AISI 304) by LMD (18, 
19, 27). However, due to the brittle nature of T-800 and rapid solidification, cracking 
occurred transverse to the laser scan direction. A reasonably high level (10%) of dilution was 
used in the first layer applied, which resulted in the formation of fine lamellar eutectic 
structure, rather than the previously dendritic structure. However, this did not seem to 
affect the cracking response of the T-800. Increased substrate pre-heating may be a route 
to mitigate cracking. Alternatively, a more ductile coating material could be considered, 
such as T-900, which was successfully applied without cracking during the same study (19). 
However, switching to a more ductile coating resulted in an increased wear rate. As 
measured by pin-on-disc abrasion testing. 

2.5.3 Nuclear wear and corrosion applications 

Stellite™6 is a high performing and industrially proven alloy for applications in wear and 
corrosion environments, especially at elevated temperatures (~300°C), e.g. gate valve 
seats. When Stellite™6 wears, Co-59 is released, in nuclear systems with a flow path to the 
reactor, Co-59 can become activated to Co-60 by neutron capture (28). Cobalt 60 isotope 
ionisation is a concern in nuclear components as it causes significant operational problems 
through radiation damage, and then subsequent cost with equipment downtime. A move 
towards non-cobalt materials is urgently required. A number of alloys have been highlighted 
as potential replacements for Stellite™6, including Tristelle 5183, Norem 02, Tribaloy T700, 
and Delero 50/60.  

Research undertaken by Ocken (28) 1995 evaluates the galling resistance of a range of iron 
based hardfacing alloys and compares the results with well-established cobalt- and nickel-
based alloys. Ocken (28) uses pin-on-plate galling wear testing on a number of cobalt 
replacement alloys. It could be considered regular occurrence that these types of macro 
scale tests have questionable relativity to the conditions experienced in service, based on 
their selected environments, forces, interactions and durations. Differences can particularly 
be due to dynamical constraints of the test machine which are not true of the application 
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dynamics, which could be extremely expensive to simulate, and also differ from the 
standardised test methods.  

Anthony (29) 1983 and Bhansali and Miller (30) 1982 have discussed the factors that 
contribute to galling wear resistance of alloys that crystallize in fcc crystal structures.  Their 
view is that fracture at asperity junctions (i.e. local adhesion sites), rather than deformation, 
results in low friction and greater freedom from galling. Alloys in which the dislocation 
mobility is low and cleavage can occur should not gall; ductile alloys, where it is easy for 
dislocations to cross-slip over more than one plane, should be galling prone.  

A number of the most galling-resistant iron-based alloys were found to consist of carbide 
precipitates and borides in an austenitic matrix (17, 29, 30, 31). This included modest 
additions of alloying constituents, mainly that of silicon, which consists a number of findings. 
It has been suggested by Laroudie et al (31) 1996 that the silicon carbides gives beneficial 
effects to improving wear resistance.  

It is clear that even for material specialists the metallurgical factors affecting gall wear 
performance are not completely understood. (17) 

An important factor when distinguishing why some materials are better suited than others 
at resisting galling wear, is the work hardening rate. Burdett (17) 1990 identifies that 
materials which harden slowly are more prone to galling than those which undergo rapid 
hardening and also goes on to comment that Tristelle 5183 contains a significant volume 
fraction of hard particles which appear to be beneficial for galling resistance. It was 
categorically stated that macroscopic hardness of materials does not dictate, and cannot be 
used as, a definitive indicator of a materials galling performance. The iron-base alloys tested 
compared well to the Stellite 6 results at both room temperature and an elevated 300°C. 
This comparison included EB 5183 (Tristelle 5183) alloy. 

R. Smith et al (32) 2013 explores the tribological characteristics of the hardfacing alloys of 
Stellite 6 and Tristelle 5183 as well as Norem 02 (Fe based). The assessment included testing 
using the ASTM G98 pin-on-disc standard procedure for self-mated surfaces. The findings 
showed that all alloys performed well at ambient (25°C) temperature and the Tristelle 
performed the better of the three alloys at elevated temperature (350°C). It should be noted 
that the Tristelle 5183 sample could not be ground to the specified finish, thus affecting the 
results by unknown amount.  

During a teleconference conducted on 20th September 2019, David Stewart of Rolls-Royce 
stated that iron-based hardfacing alloys struggle to achieve the established and renowned 
galling threshold of Stellite 6 at 300°C. This “threshold” does not seem to have a readily 
transferable value due to differences in test conditions, usually dictated by specific 
industrial environments. Also, it was mentioned that the ASTM G196 (33) galling test is an 
ideal test method material definition for the benchmarking of material for valve seats. 
Testing can be carried out wet or dry, ideal testing conditions are at 300°C and wet, however 
David Stewart mentions that a room temperature test will give initial indications of material 
performance. (Private communication – teleconference, D. Stewart 20/09/2019). 
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2.5.4 High temperature engines oxidation, creep and strength application 

Improvements in cycle efficiencies of aerospace and power generation engines are 
commonly achieved by increasing the operating temperatures. Oxide dispersion 
strengthened (ODS) materials (highlighted in Figure 14) offer higher temperature oxidation 
stability, creep resistance and strength than conventional alloys (such as nickel-based 
superalloys), yet these materials can have lower temperature capability than some 
advanced ceramics. Gamma-titanium aluminide is a material with applications in blade 
technology for advanced aerospace engines (19). Further improvements to the temperature 
capability properties of the conventional GE48-2-2 TiAl were made by adding nano-yttria 
(Y2O3) to a purposely-designed variant of TiAl, Ti-45Al-3Nb, specifically designed for the 
application and additive manufacturing as part of the EU FP7 project OXIGEN (35). The 
OXIGEN project made significant leaps in designing and developing a new γTiAl material, 
and within that project, TWI developed parameters for processing the material by LMD. The 
Ti-45Al-3Nb + Y2O3 showed promising oxidation resistance and strength at 800°C but there 
were unanswered questions about the powder quality and suitability for processing by LMD. 
This work continues from where the OXIGEN project left off by performing further 
investigations into the processability of the developed material and suggest solutions for 
maximising the potential of the newly designed material (35). 

 

Figure 14 Chart of material groups in relation to specific strength at a given temperature 
(36). 

Low-pressure turbine (LPT) blades used in gas turbine engines are widely made from Nickel 
based superalloys. The environment in gas turbine engines requires high temperature 
oxidation resistance, creep resistance, and strength. There is also a common call by engine 
producers for next generation engines to run at higher temperatures, leading to significant 
benefits of higher efficiency engines. The General Electric GEnx™ engines released in 2006 
were the first commercial engines to feature TiAl (Ti-48Al-2Cr-2Nb). Two stages of TiAl LPT 
blades allow around 100 kg of weight to be removed from each engine. Reports by GE 
stipulate that the GEnx™ engine delivers a 20% reduction in fuel consumption, a 50% 
reduction in noise and an 80% reduction in NOx emission compared with prior engines in its 
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class. (37) The reported information suggests that a majority of the improvements come 
from the use of TiAl blades. However, it is not completely clear if other changes to the engine 
contributed to these improvements as well.  

A number of manufacturers are incorporating TiAl into their next generation platforms 
including Rolls-Royce, SNECMA, Pratt and Whitney, and GKN among others. Third 
generation TiAl materials are intended to hold strength properties at higher temperatures, 
shown in figure 15.  

 

 

Figure 15 Specific strength capabilities of TiAl materials (35, 36). 

 

2.5.4.1 Principles of TiAl alloys 

There are three main phases of TiAl microstructure, fully or near α2/γ lamellar, an equiaxed 
γ structure, and a duplex structure of α2/γ lamellar colonies and single-phase γ grains. A 
duplex microstructure can enhance ductility and low cycle fatigue properties. (38, 39, 40, 
41) Fully lamellar or near lamellar microstructures can enhance creep resistance and fatigue 
toughness. 

The grain size of wrought alloys after hot working and heat treatment, with a duplex 
microstructure can be typically 20 µm, which is considerably smaller than the typical grain 
or colony size in as-cast lamellar structures where grains of several hundred micrometres 
are common, unless grain refiners, such as borides are incorporated. (40) 

If the alloy is not hot worked, heat treatment approaches can be employed to refine the 
grain size. (TiAl alloys in commercial aircraft 6). The general practice is to hot isostatically 
press (HIP) TiAl castings to remove residual macro and micro porosity. The TiAl castings are 
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typically heat treated to convert the fully lamellar as-cast structure to a near fully lamellar, 
or duplex, structure, depending on the balance of properties that are required. The design 
of the correct heat treatment window that can provide acceptable microstructure 
throughout the whole component is extremely important. The selection of suitable heating 
rates, hold temperatures and times, and subsequent cooling rates are all parameters to 
which TiAl alloys can have strong sensitivity. (42) 

 

2.5.4.2 Dispersion strengthened titanium aluminides 

Strengthening by the addition of particles is known to have the potential to provide superior 
properties compared to the parent alloy, however only a limited number of studies have 
been published. Titanium aluminides have been produced in the past by many different 
manufacturing methods including, sintering, casting, extrusion, forging and laser electron 
beam based additive manufacturing. Today, casting and electron beam based additive 
manufacturing are the state-of-the-art processes to produce turbine blades for aero-
engines. (43, 44).  

Kenel 2016 emphasises that powder based processes have the potential to eliminate 
inherent problems of castings like macro-segregation, locally different mechanical 
properties, expensive homogenization heat treatments and limited part size (35, 45, 46). 
Kenel 2016 used spark plasma sintering (SPS) as a solid state sintering technique as a 
reference to compare the bulk material of additively manufactured parts by laser metal 
deposition. As SPS offers the capability to consolidate almost every material to full density 
it can therefore be used effectively as a baseline for material consolidation. Materials 
produced by SPS typically retain a fine microstructure with good mechanical properties. The 
TiAl ODS material designed by Kenel (35) 2016, was consolidated by LMD and produced 2x 
improvement in oxidation resistance than standard GE spec γ-TiAl also produced by LMD, 
and similar strength value potential at 800°C. Comparison of the two material 
microstructures are shown in Figure 16. 
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Figure 16 BSE SEM micrographs of LMD processed a, c, e) γTiAl GE48-2-2 (Ea = 179 J/mm2) 
and b, d, f) γTiAl 45-3 ODS (Ea = 120 J/mm2). (a, b) in the as processed state and after 
thermal annealing of (c, d) 1123 K/12 h and (e, f) 1573 K/15 min + 1123 K/12 h. The α2 
and γ phase, pores and dispersoids (prt) are indicated. Bright spots in e) correspond to Cr 
rich areas. The scale bar in f) applies for all micrographs (inset: scale bar = 2 μm). The build 
direction (z) and the beam translation(y) are shown. The scanning direction (x) is out-of-
plane. (45) 

 

2.5.4.3 Additive manufacturing of titanium aluminides 

Additive manufacturing of titanium aluminide alloys presents many challenges that 
contribute to the infancy of its adoption. Primarily, titanium aluminides are inherently 
brittle at low temperature due to the intermetallic structure that ensures desirable 
properties at elevated temperatures. At lower temperatures, the materials are highly 
susceptible to severe cracking when exposed to thermal stresses. Secondly, these alloys can 
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experience hot cracking, when the remaining liquid phase cannot sustain the thermal 
stresses imposed on the solidifying material. In addition, upon solidification and cooling, 
titanium aluminides undergo several solid state phase transformations. These 
transformations may alter or be suppressed at the typical cooling rates of laser based 
additive manufacturing techniques and metastable phase relations may be developed (44). 

Usually preheating is applied alongside the process to achieve crack free titanium aluminide 
parts. Kenel 2016 states that the earliest manufacturing method for TiAl material was blown 
powder based LMD. (47). It was clearly shown that the obtained microstructure was 
dependant on the processing parameters and the subsequent heat treatment. (48). 
Srivastava et al (49) 2001 deposited Ti-48Al-2Mn-2Nb and observed a fine lamellar 
structure. Moll and McTierman (50) 2000 used a similar alloy Ti-47Al-2Cr-2Nb and obtained 
fully lamellar microstructures with comparable properties to cast material. Zhang et al. (51) 
2001 applied the methodology to Ti-48Al-2Nb-0.4Ta and Ti-48Al-2Cr-2Nb and obtained 
microstructures rich in α2. After heat treatment at 1173 K fine lamellar structures were 
observed. Lui and Dupont (52) 2004 reported preheating temperatures of 723 to 737 K as a 
stable range to obtain crack free deposits using LMD of Ti-48Al-2Cr-2Nb. It was clearly 
shown that although higher energy inputs during processing reduce the cracking frequency, 
this effect is limited and external preheating was always needed. 

For powder bed based AM methods, electron beam melting (EBM) offers state-of-the-art 
preheating capabilities. Preheating to significant temperatures in powder bed fusion (PBF), 
also known as, selective laser melting (SLM), is more challenging and most of the work being 
conducted is using bespoke and retrofitted research machines. These research machines 
often have a significantly reduced build volume due to the heating technology and increased 
chamber protection. 

A number of publications have stated successful (generally meaning crack free) AM 
production of various γTiAl alloys. All seem to have required preheating and generally within 
the temperature range of 1203-1323K. (53, 54, 55, 56, 57, 58, 59, 60, 61). 

2.5.5 Extreme wear applications 

White cast iron is a hard (>650Hv), brittle material with high abrasion wear resistance. This 
member of the cast iron family is different in which carbon is present only as carbide. White 
cast iron is not easily machined and is very difficult to weld. Conventional manufacturing of 
white cast iron components is often comprised of a casting process, which can often be the 
cause of major porosity and defects within a component. Components can be large and 
expensive to manufacture, scrapping components due to casting defects is highly 
uneconomical. In a personal communication with a mining castings supplier in June 2019, 
the following information was given. Manual weld overlay is used for repairing defective 
casting and requires preheating temperatures in the range of 800-1000°C prior to repair. 
Preheating is required because of the brittle nature of the substrate material. The 
preheating of some large >2m Ø components prior to manual weld overlay can take up to 
48 hours. (Private communication – OpenHybrid project meeting, 20/06/2019). 

To repair cast iron by powder fed – LMD, it is not possible to find high quality like for like 
powder material (primarily due to the fact the powder would rust and become risky and 
difficult to process), nor is it likely to be easy to deposit free from major cracking defects 
even with high quality feedstock, due to the nature of the material discussed previously. 
Therefore readily available powder materials with similar performance capabilities, such as 
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hardwearing tungsten carbides within a metal matrix, such as Ni-WC material, is a 
potentially useful material when attempting to repair. However the topic of white cast iron 
repair, particularly by LMD, is not well published and likely has limited research and 
exploration undertaken worldwide.  

WC MMC materials such as Ni based –WC are prone to decarburisation when excessive heat 
is applied (thermal decomposition), which can occur in the melt-pool when being applied 
by the LMD process. Known as decarburisation or dissolution, where the WC particles loose 
carbon by diffusion and W2C eutectic phase forms, this phenomena causes embrittlement 
of the matrix, potentially leading to deposit and part failure via initiation of cracking. 

P. Faramand et al 2014 found that using induction heating, increased micro hardness of Ni-
WC (60%) to 1090Hv from 800Hv. It was reported that the detrimental effect of dissolution 
of WC into the matrix (decarburisation), was reduced by minimising the energy density of 
the laser deposition parameters in combination of using the induction heating technique. 
Additionally by adding nano-WC (5%) to Ni-WC (60%) MMC, the coating hardness increased 
to 1400Hv and, decreased cracking susceptibility. (62). 

2.6 Process related specifics for key application 

Wei Ya et al (63) 2018 observed an increase of dilution in the first layer of Tribaloy T-400 
deposit from 21-45% when using preheating due to the extra energy input, increasing laser 
penetration, melting depth and molten duration, ultimately increased the mixing of deposit 
and substrate. As is common, the relationship between hardness, dilution and cracking was 
studied. It was commented that 15-20% dilution may be optimal as a balance between 
hardness properties and reduced tendency to crack.  

One interesting aspect that was studied was the impact of the first deposit track vs 
subsequent tracks, with the dilution reducing to a rather steady state after the first two 
tracks. The exact conditions tested and relevance to other studies cannot be definitively 
extracted due to a number of unknowns, including preheat cooling between first and 
subsequent tracks.  

It is summarised that preheating (250°C) during cladding reduces the tensile residual 
stresses and risk of cracking. (63) Furthermore, there were recommendations that heating 
a Ni‐based superalloy substrate (IN718) to 500 °C in order to eliminate cracking in the 
Tribaloy T‐400 coating. In the present work for the T‐800—RENE 77 materials, a sole 
substrate volume pre‐heating was not completely effective since cracks still appeared in the 
sample. A better solution was a combination of substrate volume pre‐heating with a point 
laser heating having energy density within a range of 25 to 50 J/mm2. Therefore, by heating 
the substrate to a temperature of about 550 °C (by heating the working table and laser 
preheating) and by changing energy density during the fabrication of the coating, a coating 
with a good geometrical quality can be produced, which exhibits a minimal dilution zone 
with the substrate and is devoid of cracks. (63) 

2.7 Literature Review Summary 

Most if not all of the papers reviewed on LMD of crack susceptible materials, considered 
only small scale, sample deposits as a demonstration of the research and findings. This 
results in the conclusions of those works to be of a narrow field, lacking evidence of 
applicability for industrial scale. Additionally there is minimal discussion that could show an 
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understanding for the potential differences in the coating material behaviours from lab-
scale to industrial scale.  

Many of the practices discussed in this section provide useful insights about the processes, 
materials, and characteristics which can be utilised for informing the furthering of applied 
research in this area. However, in order to address the core concerns regarding upscaling, 
the methodologies of the process developments in particular need to be redesigned to 
maintain consistency from lab development to industrial scale. Specifically, evidence of 
sample scale T800 deposition will be expanded on to determine better the processability of 
the material.  

Secondary heating processes have been shown to improve the processability of crack 
susceptible materials, primarily by reducing the cooling rate. Induction heating is capable of 
local heating of the deposit area as a pre-, during-, and post- process treatment. Developing 
further the understanding of combining induction with the deposition process will make up 
a critical part of the research.  
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Chapter 3 
 

 

Methodology and Equipment Setup 
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3 Chapter 3 – Methodology and Equipment Setup 

3.1 Materials and Equipment 

3.1.1 Materials 

The main powders listed in Table 6 were used for this work. The powders have been tested 
against the target specification of composition and inclusions. The powder test certificates 
are included in Appendix A. All powders were 45-90µm unless otherwise stated in the table 
below. Powder size influence was not studied.  

 

Table 6 Experimental alloys and their applications 

 
Name 

Industrial 
application 

Key Elements (approx. Wt.%) 

Ke
y 

de
ve

lo
pm

en
t p

ow
de

rs
 

Triballoy T800 
Task 2a 

Steam turbine 
valve stems 

Co 
50.8 

Cr  
17.5 

Mo   
28.4 

Si   
2.9 

  
Other

s       
~0.5 

Tristelle 5183 
Tasks 2b & 2c 

Nuclear gate 
valves and 

seats. 

Fe    
55 

Cr      
22 

Ni       
10 

Nb     
7.3 

Si                     
3.1 

C                          
2 

Other
s     

~0.5 

TiAl + ODS 

Task 2d. 45-
106µm 

Aerospace and 
power 

generation 
engines 

Ti      
61 

Al      
30.5 

Nb      
7.6 

Y2O3 
0.5 

  
Other
s    <1 

Ni-WC (60%) 

Task 2e. 45-
106µm 

Mining and 
extreme wear 
environments 

WC      
60 

Ni     
34.2 

Cr      
2.8 

Si      
1.44 

B    
0.6
2 

C       
2.5 

Fe    
0.96 

          

Su
pp

le
m

en
ta

ry
 o

r c
om

pa
ra

tiv
e 

po
w

de
rs

 NiCrSiB 
interlayer Task 
2a. 45-125µm 

Steam turbine 
valve stems 

Ni  
84.55 

Cr   
7.5 

Si      
3.5 

B      
1.7 

Fe      
2.5 

C     
0.2
5 

 

Ti-48Al-2Nb-
2Cr 
(conventional 
AM spec γTiAl) 
Task 2d 

Aerospace and 
power 
generation 
engines 

Ti       
62 

Al      
34 

Cr         
2 

Nb      
2 

   

Ti-6Al-4V Task 
2d 

Aerospace and 
power 
generation 
engines 

Ti      
90 

Al       
6 

V          
4 

    

 

The following materials were used as flat plate substrates for the initial developments in 
this work: 

 316L stainless steel 300x200x15mm length, width, thickness (Tasks 2a and 2b described 
in 3.4.1). 

 Ti-6Al-4V 80x40x30mm length, width, thickness (Task 2d described in 3.4.1). 
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3.2 Equipment 

3.2.1 Laser Metal Deposition 

Figure 17 shows TWI’s robotic cell setup for conventional laser metal deposition. The cell 
has been developed using TWI’s laser processing experience and knowhow to ensure 
suitability for use in a wide range of process development tasks. Additionally, for Ti-6Al-4V 
deposition, TWI can use this system with an additional shielding setup via a flexible welding 
chamber to provide a fully enclosed environment that can be purged of oxygen and nitrogen 
by controlled filling of argon. 

  

 (a)  (b) 

 

 

(c) 
 

Figure 17 TWI’s robotic LMD system: 

a) Dedicated robotic LMD cell; 

b) Trumpf deposition head with ILT ‘three beam’, coaxial, and side feed nozzle options. 

c) Flexible welding/deposition enclosure purged with argon.  
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The robotic LMD system comprises the following elements: 

 Trumpf Trudisk 8002 5.3kW disc laser. 

 TruControl 1000 controller. 

 Trumpf BEO D70 processing optics with motorised collimation. 

 Reis RV60-40 robot (2.4m reach, 40kg max payload). 

 Reis RDKVv05 two-axis manipulator (500kg max payload). 

 Sulzer Metco 10-C powder feeder with dual 1.5kg hopper system. 

 

3.2.2 In-process Thermal Control 

Thermal control equipment is shown in figure 18. The equipment comprises of: 

 Ceramic heating plate for small substrate/sample heating with a fixed temperature up 
to 400°C. 

 12kW dual-coil induction heating system capable of heating components or sections of 
components above 1000°C (material dependent). Developments have been made in the 
project to enable fully programmable temperature cycle control and pyrometer 
temperature measurements for pre-heating, in-process heating and post-process 
thermal control. Customised heating coils were manufactured for the application to 
improve heating efficiency.  

 Pyrometers and thermocouples for temperature measurement and control.  
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(a) (b) 

  

 

(c) (d) 

Figure 18 Thermal control equipment: 

a) Preheating plate with thermocouple and pyrometer temperature feedback. 

b) EFD induction heating unit 2x12kW coil outlets 

c) 2x 12kW induction coils (specific coils pictured designed for flat plate heating) 

d) Eurotherm control unit for temperature monitoring, control, and programming 
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3.3 Sample Characterisation Methods and Equipment 

The samples were cross-sectioned perpendicular to their build direction and hot mounted 
into bakelite using a Struers LaboPress-1. The samples were then polished on a LabPol Duo8 
polisher, using grit sizes ranging from 120 - 4000, followed by 0.06µm oxide polishing 
suspension (OPS). Light microscopy on an Olympus BX50 microscrope was used to 
undertake basic metallurgical inspection.  

Hardness testing was performed using a Falcon 505 tester to BS EN ISO 6507-1:2005, with 
0.2mm zig zag lines, and each indent 8 microns of vertical displacement from the starting 
position. Two line scans were carried out per sample and twelve to twenty indents were 
measured per line scan as displayed in figure 19. The indentations were carried out using 
1kg load and a 10-second dwell time, at room temperature of around 24°C. 

 

Figure 19 Hardness traverse schematic. 

 

Semi quantitative chemical composition measurement by EDX analysis was carried out using 
TWI’s SEM equipment. The main elements of the Task 2.1 materials were measured in seven 
samples. The results give a better understanding of the levels of dilution and material 
intermixing between the substrate and LMD coating. 25kV voltage was used consistently for 
the inspections on a Zeiss EVO LS15 SEM. 

A number of etchants were trialled, for T800:  

 Nital, dipped onto the specimen using a cotton swap, experimented between 10 
seconds and one minute, until the proper etching was achieved, and 

 electrolytic 1.5V, stainless steel electrodes, in 10mL nitric acid, 10mL hydrogen 
peroxide, and 100mL oxalic acid.  

 

3.4 Approach 

3.4.1 Overview 

The scope of work untaken consisted of the following tasks: 

 Task 1 – Induction heating development 

 Task 2 – LMD process development: 

o 2a – Triabloy T800 (For high temperature wear application); 

o 2b – Tristelle 5183 (For nuclear wear application); 
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o 2c – LMD productivity increase; 

o 2d – γTiAl ODS (For high temperature engines); 

o 2e – Ni-WC (60%) (For extreme wear applications). 

 

3.4.2 Task 1: Induction heating development 

Prior to the start of this work, TWI had acquired an induction heating system and combined 
it with the LMD process to provide preheat to materials that required reduced cooling rates 
when processed by LMD. No variations in coil design had been tested and only one of the 
two coils were usable at one time due to setup restrictions. The temperature was controlled 
by pyrometer feedback and temperature was adjusted manually by changing the target 
temperature. 

The task was structured to develop the capability with the induction heating technology by 
improving the setup and implementation of the technology alongside LMD. This was 
initiated by working more closely with the equipment supplier. The key developments made 
include: 

 Coils were designed to optimise the heating efficiency of flat top surface components, 
useful for parameter development and large component repair on flat substrates.  

 The Eurotherm control unit was programmed to respond more rapidly to temperature 
changes measured by the pyrometers, enabling the equipment to hold the requested 
temperatures more accurately and adapt to changes more quickly.  

 Simultaneous dual coil capability was enabled, with independent and combined 
programming options.   

 The emissivity of the surface of a material is its effectiveness in emitting energy as 
thermal radiation was considered. The value of emissivity is given between 0 and 1, with 
1 being the surface of a perfect black body. The material characteristics and surface 
preparation are important factors in dictating material emissivity. Pyrometers measures 
surface temperature by the thermal radiation. The emissivity value used throughout the 
project was 0.95. 

Prior to initiating the LMD process development trials and design of experiments (DOE), it 
was necessary to develop a more efficient and advanced solution for in-process thermal 
control. TWI had already shown promising results prior to this project with the induction 
heating system as a supportive technology to LMD when processing crack sensitive alloys; 
but the equipment had no automation or programming solution and was generally 
inefficient at heating components using the generic supplied induction coils. Therefore 
application specific designs were made for the induction coils and implemented the 
capability and knowhow of a programmable induction heating system with preheating, in-
process heating and post-process thermal control cycles. The arrangement and setup of the 
coils is shown in Figure 20. 
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Figure 20 Induction coil location and pyrometer setup for in process thermal control 

 

3.4.3 Task 2: LMD process development 

LMD process development was carried out on a number of alloys and applications. Generally 
parameters were chosen using predefined baseline starting points and then refined using 
quality criteria of material density, optimal ratios of deposit width to height ratio of 3 to 1 
or greater, and defect free consolidated material. Fully optimised parameters can be 
challenging to develop and justify, and need to be developed using test data feedback such 
as, hardness, chemistry, and wear and other performance criteria. There is still ongoing 
work to relate dilution, hardness, and performance of the deposited material, with the 
preheating conditions and energy density of the deposition process. Task 2 is broken down 
into 5 sub tasks.  

3.4.3.1 Task 2a: Tribaloy T800 

Firstly, deposition trials were carried out to establish suitable processing conditions for 
depositing dense, fused Tribaloy T800 onto 316L substrate, using historic parameter sets for 
similar material compositions. This was carried out without any additional heating source 
except the laser, and therefore, all samples in this first run were expected to form cracks in 
some way.  

Using the sufficiently developed LMD parameters that are shown in table 7, a set of trials 
was then carried out to investigate the required pre-heating temperature (using induction 
coils) to reduce or eliminate cracking. Deposits were produced in multiple layers between 
two and four layers, so that the upper layers would be expected to be completely free from 
dilution, (as with diluted material, the deposit is likely to be more ductile through the entire 
diluted depth). Additionally the samples that were produced were relatively large, 190mm 
long x 30-50mm wide, to improve the representation of realistic stresses that would be 
created in a component production run, and reduce the effect of local heating with the laser 
when depositing in small areas.  Overall attempting to create results that were sufficiently 
realistic of the final application requirements, without significantly increasing sample 
production cost and time.  
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Additional trials were carried out using a nickel interlayer material, NiCrSiB, applied in the 
non-preheated condition. T800 was then applied onto the nickel layer using the preheating 
approach.  

Material analysis was carried out including metallography, hardness testing, and chemical 
analysis.  
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Table 7 LMD process parameters for Tribaloy T800.  
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(mm) 

Pre + during heat 
hard-facing (°C) 
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Deposition 
Strategy 

Tribaloy T800 

N
iCrSiB (m

etco 12C) 

316L Stainless Steel 300x200x15m
m

 
(LxW
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101 0 2 600 1.5 11.25 6 1 0.4 6 2 190x50 0 Na U
nidirectional 
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staggered 
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ith distinct laser on/off (start and 
stop) at the end of each vector. 

102 0 4 600 1.5 11.25 6 1 0.4 6 2 190x50 0 Na 

114 0 2 650 1.5 11.25 6 1 0.4 6 2 190x50 800 6 

118 0 2 650 1.5 11.25 6 1 0.4 6 2 190x50 850 6 

119 0 3 650 1.5 11.25 6 1 0.4 6 2 190x50 900 6 

120 2 3 650 1.5 11.25 6 1 0.4 6 2 190x50 850 6 

123 2 4 650 1.5 11.25 6 1 0.4 6 2 190x50 550 6 

124 2 4 650 1.5 11.25 6 1 0.4 5 2 190x50 600 6 
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3.4.3.2 Task 2b: Tristelle 5183  

Process development trials were carried out using the Tristelle 5183 powder, deposited 
onto 316L substrate. The material was inspected after deposition; parameters were refined 
based on the quality of consolidated material, i.e. material without lack of fusion, without 
high concentrations of large pores (above 50µm) and free of cracking or other defects. 
Additional trials and material processing development were then further developed as part 
of Task 2c. 

The Tristelle deposits were tested by ASTM G65 dry sand abrasion testing procedure A (64), 
and compared to LMD Stellite 6 material as a baseline. This test comprises a gravity sand 
feeder, rotating rubber wheel, and the sample mounted with a polished surface and forced 
against the rubber wheel under a set load. The weight of the sample is measured before 
and after the test. 6000 revolutions were carried out for each test. The sand was from the 
same batch of approved dry sand material. Two samples were tested for each material.   

3.4.3.3 Task 2c: LMD Productivity Increase 

3.4.3.3.1 Equipment capability mapping 

Process trials were carried out to investigate the capability and limitations of the LMD 
equipment. The Trumpf D70 LMD optics uses a motorised collimation optic unit that can be 
modulated resulting in a change in the laser spot size. The goal of the experiments was to 
map out the range of achievable spot size. The spot size was measured using a beam 
profiler. To improve confidence in the results, trials were also conducted by energising the 
laser onto anodised aluminium using standard test laser powers and durations. The 
complete mapping DOE can be found in Appendix B, table B2.  

3.4.3.3.2 Laser defocus approach with powder nozzle extension 

In this task, a nozzle extension unit was designed and tested enabling the expansion of the 
beam diameter at the work piece. The motorised collimation optic unit in this system limits 
the largest spot size capable to 1.5-2mm. Therefore, a different approach was required for 
expanding the beam to a size that up to 5.3kW of power could be used with. It is reported 
by C. Zhong et al 2016 that 3kW laser power is sufficient for 3-4mm laser spots and will 
enable up to 2kg/hr deposition rate without significant comprise of deposition 
characteristics (65). The procedure for developing an expanded laser beam and optimised 
powder focus is shown in figure 21.  

 

Figure 21 Phases of development for laser defocusing and deposition trials. 
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Initially the laser beam was defocused by lifting the processing head further away from the 
substrate in defined 10mm increments whilst using a side fed powder nozzle adjusted at 
each increment to maintain a standoff of 12mm from the melt pool; giving a focused stream 
of powder into the melt pool.  

It was critical that any nozzle extension unit did not cause the wide spot to contact the 
internals of the nozzle and therefore was one of the limitations of the maximum spot size 
that was achievable. The second important limit of the spot size was the available laser 
power (5.3kW), required for developing a sufficiently large melt pool over the spot size 
diameter as well as creating dense consolidated material from the deposition process. Once 
this was properly understood, two nozzle extenders were designed and produced, one at 
+40mm standoff and one at +50mm standoff, to enable a theoretical spot size between 
4mm and 7mm, while maintaining feeding the powder at the optimised 12mm standoff 
distance. 

Deposition trials were carried out using the Tristelle 5183 powder and 316L substrate, 
application materials of Task 2.b. The deposition rate was compared with the results found 
in Task 2b.  
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Table 8 LMD process parameters for Tristelle 5183. 

Coaxial D40 nozzle 12mm standoff (tip distance from the workpiece). 
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3.4.3.4 Task 2d: γTiAl ODS 

TWI has developed LMD processing conditions for a bespoke version of the γTiAl ODS as 
part of EU FP7 project OXIGEN. During that project, the processability of the powder, or the 
challenges of the processing, was determined to be most likely caused by the powder quality 
without finding evidence of the route cause for significant porosity found in the 
consolidated material. The concern being specifically high contamination levels of oxygen 
in the powder formed by high-energy ball milling production process. The oxygen content 
in some chemical analysis tests were in excess of 1000ppm, which is significant, and usually 
specifications and recommendations for Titanium alloys specify material to be under 
1000ppm. In this task, investigations were performed to look at the results of depositing the 
γTiAl ODS powder and comparing the results with the conventional GE spec γTiAl. To deposit 
any γTiAl without causing significant cracking, a preheating temperature of ~1000°C is 
required, with a controlled cool down post-deposition at around 4°C/min until 250°C, and 
then uncontrolled and not measured cooling in air. Since the substrate and deposit are 
sensitive to oxidation above 450°C, a fully argon shielded environment was required. In the 
setup shown in Figure 22, the environment can be purged down to below 10-ppm oxygen, 
using a calibrated oxygen measurement device known as weld purge monitors. Deposits 
were made of the yTiAl ODS and GE spec yTiAl to compare the resulting consolidated 
material characteristics and processability. 

 

 

Figure 22 Inert shielding bag and induction heating setup for TiAl deposition.

Iron blocks 

Ti-Al6-V4 substrate 

Induction coil 
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Table 9 LMD process parameters for γTiAl materials.  
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225 1.2 8.3 5 1 0.2 3 3 1000 4 
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3.4.3.5 Task 2e: Ni-WC (60%) 

Information was provided of conventional manual weld repair techniques for the white cast 
iron material the industrial partner was given. The procedure for manual weld repairs 
showed that the substrate was subjected to pre-heating of 800-1000°C. The total time 
including the preheat, repair and post heat treatment for the conventional process is around 
48 hours. There were requirements made from the industrial partner to find a suitable 
method of lowering the required pre-heating temperatures significantly, a suggested 
temperature, though without any disclosed evidence, theoretical or otherwise, was 400°C, 
though this was expected not to be feasible.  

To find out the heating and processing requirements for the repair process, it was decided 
to split the issue into more distinguishable events that could be more closely monitored. 
The buffer layer of NiCrSiB (without WC), was deposited in trials onto the cast iron substrate 
as the first stage, the second stage was to deposit the NiCrSiB-WC onto the NiCrSiB.  

To better understand the sequence of the cracking, cameras were used to monitor the area 
of interest throughout the deposit and during cool down. The knowledge of the sequencing 
was expected to help understand the cause of the cracking initiation, for example was the 
cracking occurring during deposition, immediately after, or at some point during the cool 
down period.   

The pre-heating temperature was then increased in increments of 50°C until cracking was 
no longer found immediately after the deposition stopped. The next set of trials was 
intended to discover the required cooling regime and method by performing trials at 
different cooling rates, controlled by the induction coils. 
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Table 10 NiCrSiB-WC sample parameter development 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 jet nozzle with a 12mm standoff (tip distance from the workpiece). 

 

 

Table 11 NiCrSiB-WC larger area demonstration parameter development.  

 

 

 

 

 

 

 

 

 

3 jet nozzle with a 12mm standoff (tip distance from the workpiece). 

 

Hardfacing 
material 

Buffer 
layer 

material 

Buffer 
layer 

deposit 
No. 

No. 
Buffer 
layer 

Hard 
facing 

sample 
No. 

No of 
hardfacing 

layers 

Laser 
power 

(W) 

Spot 
size 

(mm) 

Traverse 
speed 

(mm/sec) 

Powder 
flow rate 

hardfacing 
(g/min) 

Powder 
flow rate 

buffer 
(g/min) 

Track 
separation 

(mm) 

Layer 
height 
(mm) 

Nozzle 
Shielding 

Gas (L/min) 

Powder 
Carrier Gas 

(L/min) 

Deposit 
area 

dimensions 

LxW 

(mm) 

Pre + 
during 
Heat 

Buffer 
layers 
(°C) 

Cool 
down 
rate to 

Approx 
k/min 

Pre + during heat 
hard-facing (°C) 

Cool down rate 
(substrate) till 

250°C  and then  
uncontrolled air 

cooling 

Approx. K/min 

Deposition 
Strategy 

N
iCrSiB-W

C 

N
iCrSiB (M

etco 12C) 

63 2 63A 4 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 500 6 

U
nidirectional toolpath, staggered raster scanning, w

ith distinct laser 
on/off (start and stop) at the end of each vector. 

64 2 64A 4 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 450 6 

65 2 65A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 550 6 

66 2 66A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 650 6 

67 2 67A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 600 6 

68 2 68A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 600 6 

69 2 69A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 550 6 

70 2 70A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 650 6 

71 2 71A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 600 6 

72 2 72A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 640 6 

73 2 73A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 650 6 

74 2 74A 8 550 1.5 11.25 5.5 3.8 1 0.4 4 2 30x30 550 6 650 6 

Hardfacing 
material 

Buffer 
layer 

material 

layer 
deposit 

No. 

No. 
layers 

Laser 
power 

(W) 

Spot 
size 

(mm) 

Traverse 
speed 

(mm/sec) 

Powder 
flow rate 
(g/min) 

Powder 
flow rate 
(%RPM) 

Track 
separation 

(mm) 

Layer 
height 
(mm) 

Nozzle 
Shielding 

Gas (L/min) 

Powder 
Carrier Gas 

(L/min) 

Deposit 
area 

dimensions 

LxW 

(mm) 

Pre + 
during 
Heat 

Buffer 
layers 
(°C) 

Cool 
down 
rate to 

Approx 
k/min 

Approx. cool 
down time to 

250°C (then air 
cooled) 

NiCrSiB-WC 
(60%) 

NiCrSiB 
(Metco 

12C) 

76 2 550 1.5 11.25 3.8 6 1 0.4 4 2 100x40 600 6 

1 hour 

76a 4 500 1.5 11.25 5.0 5 1 0.4 4 2 100x40 650 6 

78 2 550 1.5 11.25 3.8 6 1 0.4 4 2 100x40 600 6 

78a 4 400 1.5 11.25 4.9 5 1 0.4 4 2 100x40 600 6 

79 2 550 1.5 11.25 3.8 6 1 0.4 4 2 120x60 600 6 

79a 4 500 1.5 11.25 4.9 5 1 0.4 4 2 120x60 650 6 
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4 Chapter 4 - Results 

4.1 Overview 

The results are presented below for the work completed in the project to date. The main 
results are from the following sections: 

 Task 1 – Induction heating development  

 Task 2 – LMD process development  

o 2a – Tribaloy T800 

o 2b – Tristelle 5183 

o 2c – LMD productivity increase; 

o 2d – γTiAl ODS 

o 2e – Ni-WC (60%). 

 

4.2 Task 1: Induction heating development 

The new twin induction coil design, shown in figure 23, provided a suitable solution for 
process development of the T800 alloy onto flat plate substrate. The bespoke coils (figure 
23 (b)) have magnetic coatings that are designed and intended to direct the current into the 
flat substrate and improve heating efficiency and performance, usually coils are designed to 
wrap around a component to create an efficient field and heating. Additionally, being 
individually programmable coils provided better precision of the thermal input compared 
to single coil or even dual coil solutions that are fixed to apply the same amount current 
into the material.  

 

  

(a) (b) 

Figure 23 New induction heating coils: 
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a) Designs for flat plate dual induction coils 

b) Image showing manufactured coils with magnetic coatings to reduce omnidirectional 
affect of the field and direct it down into the substrate, increasing unidirectional coil 
efficiency; 

 

 
 

(c) (d) 

Figure 23 New induction heating coils: 

c) Pyrometer controller showing temperature feedback examples of the two induction coil 
in a different setup to that used in the experiment, applying heat to different areas on 
the substrate independently and programmed to apply different temperatures, 1000°C 
and 450°C; 

d) Coils preheating substrate prior to deposition (deposition direction goes from the left 
side of the image to the right side). 

4.3 Task 2a: Tribaloy T800  

The deposits without preheat showed significant macro cracking in multiple planes, shown 
in figure 24. For the undiluted T800 deposits cracking continued (identifiable on the surface 
visually, and by cross sectioning for greater detail regarding the depth of propagation) and 
only slightly reduced (in size and number of initiations) with increasing preheat 
temperature, until above approximately 850°C (with a controlled cool down) where the 
cracking reduced significantly. Samples were found to be crack free when applying 
preheating temperatures between 850-950°C. 850°C is a significantly high preheat to apply 
to most substrates and applications. Oxidation of the 316L substrates was observed in all 
samples produced with preheat above 800°C. There are risks associated with change of 316L 
material from its normal condition, such as mechanical property loss and sensitisation, 
where chromium carbides form along grain boundaries when subjected to 450-850°C.  This 
substrate oxidation can be clearly seen in sample 118, shown in Appendix B, image B2. The 
cross sections and microstructure are shown in figure 25. 
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a) Deposit 
#101 

b) #102 c) #118 d) #124  

Figure 24 Coating surface views of T800 applied using different parameters.  

a) #101 – no preheat, T800 2 layers (cracking observed in some of the cross sections) 

b)  #102 –no preheat, T800 4 layers (significant cracking on the surface & cross sections) 

c)   #118 - preheat >850°C, T800, 2 layers (no cracking observed) 

d)  #124 - preheat 550-700°C, NiCrSiB buffer 2 layers, T800 4 layers, (no cracking 
observed). 
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a) + b) #101 c) + d) #102 

    

e) + f) #118 g) + h) #124 

   

Figure 25 macro and micrographs of the T800 deposits taken in the etched condition using 
a Zeiss Sigma Field Emission Gun, which was also used as for EDX analysis. (b, d, f, & h, 
taken randomly from the etched coating) 

a+b) #101 –  high visual dilution absent of cracking and evidence of randomly 
distributed micro pores (sub 1µm) 

Micro-porosity 

Micro-porosity 

High dilution with 
NiCrSiB buffer 

a 

b 

c 

d 

e 

f 

g 

h 
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c+d)  #102 – thicker deposit with significant cracking and evidence of micro pores (sub 
1µm) 

e+f)  #118 – thicker deposit, absent of cracking and evidence of micro pores (sub 1µm) 

g+h)  #124 – thickest deposit, absent of cracking wth distinct evidence of multiple 
materials diluting (substrate, interface and upper coating). Less evidence of micro 
pores, and a mixture of microsctructures h) vs b), d), & f). 

 

In all stainless steel 316L plates, there is a high content of ferrite (shown by visible dark 
strings in Figure 26), which as an austenitic stainless, could be caused by the production 
method of the stainless plate, including heat treatment and composition. This was 
identified as being the as received condition. From inspecting the full 15mm depth of 
substrate, there appears to be no difference worthy of note, in the microstructure before 
or after the application of the T800 coating. Additionally all samples appear to have a 
similar interface between the substrate and coating (figure 27). The time of deposition 
was also relatively short and so there was no major deterioration (carbides/sigma phase) 
of the microstructure. Longer deposition times may lead to the formation of undesirable 
phases or sensitisation, i.e. high ferrite content will promote sigma phase formation. 
Hardfacing with a buffer layer of NiCrSiB resulted in high mixing of both. The structure is 
much more eutectic which may suggest boron is supressing the melting point of the T800 
compounds, forming fewer borides (responsible for high wear resistance of standalone 
NiCrSiB), hence hardness was also significantly lower. 

 

 

Figure 26 relatively high Ferrite content in 316L substrate shown by visible dark strings, 
identified in the substrate after coating and also the untreated substrate. 
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Figure 27 fusion line and substrate of samples 101, 118, and 124.  

 

4.3.1 Hardness 

From the literature, it is reported that T800 reaches peak hardness at around 14% iron 
dilution compared with pure T800. The peak hardness was found in sample 102, at 950Hv, 
which is generally in line with the results found in the iron-diluted literature (18). There is 
limited published data available on the material to gauge significant confidence in the 
results. It is clear that dilution plays a strong role on the resultant hardness. The level of 
dilution is extremely dependent on the processing conditions and can be difficult to predict 
for a new material requiring bespoke deposition parameters.  

A number of different sample types were hardness tested using a line scan (figure 28). 
Samples 101 and 102 were produced with the same parameters and without any additional 
preheat. The only difference was that sample 101 had two layers and 102 had four layers. 
The significant difference in average hardness between the two samples is primarily down 
to the dilution of the substrate that is significantly present in the layers of sample 101 but 
is greatly reduced in the upper two layers of sample 102.  

Samples 102 and 118 used the same processing conditions and number of layers; the only 
difference being that 118 was processed with roughly 850°C preheat and sample 102 was 
processed without any additional heating, other than from the laser. Sample 118, when 
compared to sample 102, had a lower hardness value of 750Hv mean and 850Hv peak.  

Coating hardness varied across the deposits and the region between ‘pure’ coating alloy and 
diluted material is not clearly defined. Some of the deposits showed visual and other signs 
of significant dilution. Therefore, the minimum hardness of the coatings noted below, also 
takes into account this diluted region, yet still within the coating rather than the base 
material: 

Sample No: 

 101: 385-625Hv 
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 102: 560-950Hv 

 114: 370-920Hv 

 118: 510-855Hv 

 119: 430-690Hv 

 120: 225-375Hv 

 121: 225-310Hv 

 122: 325-515Hv 

 123: 230-510Hv 

 124: 340-550Hv 

 

Figure 28 average hardness of T800 deposits. With approximate intention of 10 indents 
taken in the coating and 10 in the base for each of the two line scans recorded for each 
deposit. Lines are taken in a 0.2mm zig-zag spacing with overall coating height spacing 
between indents of 0.12mm. Lines scans taken 5mm from the edge of each sample at 1kg 
load and 10s dwell and starting approximately 0.1mm from the coating surface. 

 

4.3.2 Chemical Composition EDX 

The iron content increased in regions approaching the substrate in all samples. This is due 
to dilution between the deposited layers and substrate. It can also be observed in the 
measurement of samples that used the NiCrSiB buffer layer (samples 123 and 124). Here 
samples had a much higher nickel content throughout the depth of the coated layers. The 
chemical results (shown in figure 29 & 30) indicate that the dilution in these samples was 
extreme and not optimised for reaching the pure coating composition at the upper surface 
of the material. This extreme dilution was likely caused by the high pre-heat temperatures 
combined with the laser heat input. Full chemical analysis data points can be found in 
Appendix B, table B1.  
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Sample 118 showed slightly higher dilution of the substrate alloy compared with sample 
102. Sample 118 was processed at 850°C preheat and 102 with zero preheat.  

 

 

Figure 29 Energy dispersive X-ray spectroscopy (EDS) chemical analysis of iron content 
across depth of the deposited T800 and interface. 

 

 

Figure 30 EDS Chemical analysis of nickel content across depth of the deposited T800 and 
interface. 

 

 

Depth from Clad Surface (mm) 

Depth from Clad Surface (mm) 
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4.4 Task 2b: Tristelle 5183 

Parameters were developed for the iron based hardfacing alloy Tristelle 5183. Crack free 
deposits were achieved using preheating at 150°C and higher (figure 31). The deposits were 
defect free with high density and a sound bond to the substrate. Only small pores, generally 
less than 5µm and none larger than 50µm were found in cross sections when explored by 
light microscopy. 

 

Figure 31 Tristelle 5183 crack free deposits. 

 

LMD Tristelle 5183 samples were tested against Stellite 6 laser deposited samples using 
ASTM G65 dry sand abrasion testing (66). The results (figure 32) showed a decrease in the 
amount of material wear for Tristelle 5183 against Stellite 6. Sample wear uniformity on all 
tests were good and can be seen in Appendix B, image B17. 

 

50mm 
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Figure 32  G65 dry sand abrasion test results comparing LMD Tristelle 5183 and Stellite 6. 
The black dotted line is the average of two tests per material.  

4.5 Task 2c: LMD Productivity Increase 

The results of the productivity task are provided in two sections. The robotic LMD system 
was a relatively new installation at the start of the project. Therefore, the first part of the 
task was completed by mapping out the laser spot size capability of the current equipment. 
Secondly, methods were trialled for increasing the laser beam size as a method of increasing 
deposition rate.  
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4.5.1 Equipment capability mapping 

The beam mapping exercise (figure 33) revealed that with the standard fibre cable and 
optical arrangement, the maximum achievable beam spot diameter was less than 2mm 
(using 200W laser power).  

 

 

Figure 33 beam profile mapping results with Trumpf 8002 laser and D70 motorised optics.  

Secondary tests using beam marking on anodised aluminium (figure 34a) and LMD 
deposited tracks (figure 34b) emphasised the beam size limitations of the equipment. The 
results from this task led to the approach taken in the second part of Task 2c.  

 

 

 

 

 

 

 

 

Figure 34 Laser spot size tests 

a) Laser spot size variations with motorised optic adjustment; 

b) Laser spot size trials with powder. 
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4.5.2 Laser defocus approach with powder nozzle extension 

When investigating the response and defocusing the laser beam by moving the processing 
optics further away from the standard 12mm standoff, a standard coaxial or three beam 
nozzle arrangement would not provide efficient focusing of the powder.  

Using a side feed nozzle resulted in a dramatic increase to the dilution between the powder 
and substrate (more than 70% dilution) through the excessive melting and almost keyholing 
effect of the substrate. Essentially less laser energy was absorbed by the inflight powder 
particles compared with energy absorbed by powder using a coaxial feed nozzle. It is 
expected that the powder fed from a coaxial nozzle process absorbs approximately 20% of 
the laser energy (8). The side feed nozzle was also inefficient with a poorly focused delivery 
of powder, resulting in a low yield (below 60%) capture efficiency, whereas a coaxial nozzle 
is usually 70-95% efficient. 

The development of a nozzle extension unit (figure 35a) resulted in a cost effective method 
to defocus the laser beam, creating a larger laser spot while maintaining the correct standoff 
distance for optimal focus of the powder through the coaxial nozzle. It was not possible to 
measure the beam diameter at the new focus position on the substrate, primarily due to 
limitations with the standard beam profiling equipment available. Therefore, practical 
deposition trials were carried out with some promising results of the resultant deposit track 
widths (generally track widths are around 20-40% wider than the laser spot size). Laser 
power was capped at a safe 1800W (reducing the risk of damage to the nozzle) and 
produced deposit track widths of approximately 4mm (up from 2.4mm track widths as 
standard). With a different coaxial nozzle, designed for high laser powers, including better 
cooling, the next step would be to perform further trials to fully explore the new capabilities 
and find the limitations with the defocused laser and nozzle extension. 

 

a) Nozzle extension 
(+40 mm) 

b) Initial trials with nozzle 
extender, 4mm track 
width 

c) Track without 
nozzle extender, 
1.5mm track 
width.  

   

Figure 35 Developed nozzle extension and initial deposit results: 
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a) Nozzle extension unit; 

b) Deposition tracks with nozzle extender causing laser defocus;  

c) Deposition tracks without nozzle extender. 

 

4.6 Task 2d: γTiAl ODS 

The TiAl ODS material has applications as a high temperature capable coating for lower 
grade blades. It was not possible to acquire any TiAl substrate or blade material for the 
project. Therefore, basic Ti-6Al-4V blades were produced (figure 36) using powder bed 
fusion as a method of producing representative blades that will be coated in the project, 
(unfortunately coatings were not produced directly onto these blades within the project).   

 

Figure 36 Ti64 representative blades produced by powder bed fusion to be coated with TiAl. 

The TiAl ODS material has shown promising test results in previous testing. The initial results 
with the most densely consolidated material by LMD, showed a 2x improvement in 
oxidation resistance at 800°C and similar strength to conventional TiAl.  

The deposited TiAl materials were inspected for porosity and defects by cross sectioning 
samples. It was clear from optical inspection that the TiAl ODS material had significant 
inclusions of gas-entrapped porosity in the deposits (figure 37b). The powder was tested for 
oxygen inclusions along with a number of other unwanted elements. The results showed an 
extremely high oxygen content present in the ODS variant, measuring 8788ppm. The non-
ODS material contained 1516ppm O2. The resultant quality of the samples produced by LMD 
suggests that the high inclusion of O2 in the ODS powder has caused significant porosity and 
limited the performance potential for the consolidated material.   

 

Task 2d Ti 64 blades produced by powder bed fusion AM to be coated with TiAl 
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a) Ti-48Al-2Nb-2Cr At% material b) Ti-45Al-3Nb+ 0.5Y2O3 At% material 

 

Figure 37 Cross sections of two TiAl materials deposited by LMD with independent 
parameters: 

a) Conventional TiAl powder produced by high quality gas atomisation, with small pores 
(<1µm) and low concentrations; 

b) Newly designed TiAl ODS powder produced by mechanical alloying, with large pores (10-
200µm) in large concentrations.  
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4.6.1 Task 2e: Ni-WC (60%) 

When deposits were made with high temperature pre-heat above 700°C, the powder (seen 
in the oversprayed material) went from a metallic silver to a golden colour. Another effect 
was that large black clumps of powder were found. Chemical analysis of the powder showed 
significant oxidation on the surface of the golden powder. Additionally the consolidated 
LMD material was significantly oxidised on the surface when exposed to excessive preheat 
above 700°C.  

It was identified that the brittle white cast iron substrate was cracking when melted via the 
laser without adding any powder into the melt pool. This finding reinforced the 
understanding that the substrate required additional processes such as preheat to achieve 
a crack free result. This result also suggested that there was need for an intermediary 
‘buffer’ material, between the substrate and WC repair material, the buffer material should 
be more compatible with the substrate than the direct application of the WC material. 
However, from the literature and available information the requirements for the peak input 
temperatures and the cooling rates were still unknown.  

No macro crack free results were found for the deposits of the Ni-WC directly onto the 
substrate with preheating temperatures trialled up to around 900°C for samples of 
30x30mm. During the trials, it was found that cracking was occurring in the substrate 
material at the corners of the interface between the buffer layer and the substrate, 
propagating down into the substrate in the Z direction (depth) and away from the deposit 
in the X and Y. The cracks were occurring in the same relative locations each time, at 
different heating temperatures, mainly at the final corner of the deposition sequence. The 
results of this were backed up by modelling of the deposition process (results not included 
in this report). 

At lower preheat temperatures (such as 300-400°C), cracking was observed at the end of 
the deposit within the substrate immediately after the deposition, this was observed using 
a standard camera. It was also observed that with minimal preheat there was no observed 
surface macro cracking of the NiCrSiB buffer layers. At 550°C, there was a delay of 10 
seconds after the laser switched off, before the initiation of the cracks. This indicated that 
the peak preheating temperature was sufficiently met and that cracking initiated because 
the cooling rate was not sufficiently controlled.  
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Chapter 5 
 

 

Discussion 
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5 Discussion 

5.1 Task 2a: Tribaloy T800 

Laser metal deposition of Tribaloy T800 is very challenging due to the extremely brittle 
nature of the material, which was observed during the experiments and published by 
numerous sources (18, 19, 21, 27 and 67). This can occur as a result of thermal stresses that 
develop in the material due to the rapid heating and cooling that occurs during laser metal 
deposition. These stresses can cause the material to fracture, leading to cracks and other 
defects in the deposited layer. Materials like Tribaloy T800 tend to have poor ductility, which 
means that they do not stretch or deform easily under stress. This can make it difficult to 
achieve a uniform and crack-free deposit, particularly in areas of the part where there are 
high levels of stress or strain. However, by carefully controlling the deposition parameters, 
such as the laser power, scanning speed, and deposition temperature, it may be possible to 
minimize these issues and achieve high-quality deposits. 

The limited published literature on LMD of T800 considers only the application of very small 
samples of deposited material and provides limited consideration to upscale issues 
associated with the overall processability of the material. Depositing small samples results 
in a smaller amount of residual stress, as well as, results in a unrepresentative heat 
input/thermal history that comes from the concentrated laser source, which can be argued 
does not represent the true behaviour of the material when applied to larger components 
(unless additional heating control is performed such as via additional heat sources, to 
account for the change). In this project, the size of the deposited area is expanded beyond 
that published by others (18, 19, 27), depositing areas of 150x50 mm, which is rarely 
considered large enough for full-scale components (which can require several square 
metres of deposit), but is more representative of industrial scale deposits. Meaning that the 
material response of this research should be much more realistic of what would be observed 
in component production.   

Crack free deposits were produced using preheat temperatures of 850°C or higher with a 
controlled cool down (6°C/min for one hour until 250°C and then uncontrolled until room 
temperature). Sample numbers 123 and 124, produced with a NiCrSiB buffer layer, had 
significantly reduced hardness in the upper T800 layers (approximately 500Hv vs up to 
1000Hv theoretical hardness (18, 27)) due to an observed high dilution with the buffer alloy, 
which can be witnessed in the macrographs of the deposits (figure 25), showing signs of 
excessive heat input due to the profiles of the interface of the beads/tracks, and is 
confirmed via the chemical analysis results.   

Samples 102 and 118 used the same processing conditions and number of layers, the only 
difference was that 118 was processed with approximately 850°C preheat and sample 102 
was processed without any additional heating besides the laser, i.e. zero intended preheat. 
Sample 118 did not have as high hardness values as sample 102. The chemical analysis 
results showed that sample 118 had higher dilution, caused by the increased heat input with 
the induction heating; additionally the molten deposit is expected to have solidified slower 
causing larger grain growth, although not directly measured this result can be seen in the 
side by side micrographs (Figure B6 and B7 in the appendix) which are the expected reasons 
for the reduction in hardness. The significance and impact of each effect has not been 
measured independently. 
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Comparing samples with and without a NiCrSiB inter/buffer layer, it is possible to see a 
number of differences. A key difference can be seen in the SEM images between 118 and 
124 at the interface (figure 25). Sample 124 presents a strict boundary between the 
substrate and buffer layer, whereas 118 shows a segregated boundary. The microstructure 
of the buffer material in 124 is significantly different to the direct application of T800 and 
appears to be columnar dendrites. The direct application of T800 appears to produce fine 
cellular microstructure particularly near the interface leading up to fine dendrites further 
into the deposited material. This is in line with findings from Navas 2006 and Tobar 2008 
(18, 27).  

The microstructure of a material plays a critical role in determining its mechanical, physical, 
and chemical properties. Therefore, differences in microstructure can significantly impact 
the behaviour of a material. When it was observed that there was a significant difference in 
the microstructure of the buffer material in sample 124 compared to direct T800 deposition, 
this indicates that the buffer material is having a significant impact on the behaviour of the 
material. One possible reason for this difference in microstructure is that the NiCrSiB 
interlayer is promoting nucleation of the Tribaloy T800 material. The interlayer material may 
provide a suitable surface for nucleation of the T800 material, leading to a different 
microstructure compared to direct deposition. Alternatively, the interlayer material may 
provide a different thermal history during deposition, which can affect the microstructure 
of the T800 material. Understanding the impact of the buffer material on the microstructure 
of the Tribaloy T800 material can help to optimize the deposition process and improve the 
mechanical and physical properties of the deposited material. It can also provide insight into 
the fundamental mechanisms that govern the behaviour of the material, which can be 
useful for designing new materials and processes. 

316L stainless steel is not generally regarded as the most relevant substrate for the 
application of Tribaloy T800. The 316L service temperature (to avoid sensitisation and sigma 
phase formation) is below 450°C; also the mechanical properties of 316L at temperatures 
of 450°C or above, are poor, e.g. creep at high temperatures. IN625 or 21-4N have been 
identified as a more applicable substrate material for T800 (compared with the 316L or 
NiCrSiB buffer materials). Alternatively IN625 or Ni-Cr alloy (e.g. filler 82) could be tested as 
a buffer material for 316L, to reduce the impacts of preheat, or explore lower preheat 
temperature requirements, i.e. below 450°C, or preheating above 450°C for short durations 
(less than a few hours to reduce the impact of sensitisation and other heat related effects). 
It is expected that if changes are made to the substrate materials then different parameters 
will be required for an optimal condition of crack-free deposition with minimal dilution of 
the T800 in the coating surface, primarily due to the difference in thermal expansion of the 
materials. For T800 and 21-4N substrate, IN625 or Ni-Cr could be applied as a buffer layer 
to mitigate cracking issues due to thermal mismatches. IN625, also known as Inconel 625, 
is a nickel-chromium-based superalloy that has excellent high-temperature strength and 
corrosion resistance. It also has good fatigue resistance, making it well-suited for use in 
aerospace and gas turbine applications. Its high melting point and thermal stability make it 
a suitable substrate for deposition of high-temperature coatings like Tribaloy T800. 
Additionally, the composition of IN625 is similar to Tribaloy T800, which means they have 
good compatibility when deposited on top of each other, resulting in a strong bond. 21-4N 
is a precipitation-hardening stainless steel that is often used in aerospace and 
petrochemical applications due to its high strength and corrosion resistance. It is also known 
for its excellent weldability and machinability. The precipitation-hardening process gives 21-
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4N a combination of high strength and ductility, which makes it a good choice for coating 
with brittle materials like Tribaloy T800. The high strength of 21-4N also means that it can 
withstand the stresses and strains that can occur during the coating process. On the other 
hand, 316L is a commonly used stainless steel with good corrosion resistance and low 
carbon content, making it suitable for use in applications where welding type processes are 
required. However, its lower strength and inferior high-temperature performance 
compared to IN625 and 21-4N make it less suitable for use as a substrate for high-
temperature applications and associated coatings like Tribaloy T800.  

Another option for further development would be to change T800 to T400C or Stellite™ 12, 
which are somewhat more weldable/ processable alloys, but are generally less capable at 
resisting wear in such extreme environments. 

5.2 Task 2b: Tristelle 5183 

Crack free deposition of Tristelle 5183 was much less challenging than the Tribaloy T800 
alloy. The material has relatively good toughness as indicated by its weldability. The 
hardness, dry abrasion and low temperature galling resistance of Tristelle 5183 are all 
promising traits of the alloy as a potential replacement for cobalt based Stellite 6, shown in 
the literature (17, 32). The dry abrasion results were presented in this report and at room 
temperature performed better than Stellite 6. There are questions from industry (12, 17) 
over the more suitable performance indicator of elevated temperature (350°C) galling 
performance in a wet environment, compared with Stellite 6. Another alternative alloy, 
potentially Norem 02 and Tribaloy T700, amongst others could be selected for a more 
rounded set of comparative trials (28, 32). Ultimately Tristelle 5183 requires further 
investigation aligned to industrial requirements, however it remains a contender as a 
replacement for Stellite 6 such as in environments which need similar performance 
characteristics but without the inclusions of cobalt, like the nuclear industry.  

Dry abrasion resistance is a measure of a material's ability to withstand wear and damage 
caused by mechanical abrasion without the presence of a lubricating fluid. This property is 
important in applications where the material will be subjected to repeated contact with 
other surfaces, such as in machinery components or cutting tools. On the other hand, 
elevated temperature galling performance refers to a material's ability to resist damage 
caused by metal-to-metal contact at high temperatures, which can lead to seizure, scoring, 
or other types of damage. This property is critical in applications where components will be 
subjected to high temperatures and high pressures, such as in valves, pumps, and 
compressors. The fact that Tristelle 5183 shows promising results in dry abrasion tests at 
room temperature indicates that it could be a suitable replacement for Stellite 6 in 
applications that require good wear resistance but do not involve high temperatures. 
However, undisclosed industry experts have raised questions about its performance in 
elevated temperature galling, which suggests that more research and testing may be 
needed to determine its suitability for such applications. Overall, understanding the 
different properties and performance requirements for different applications is essential 
when selecting a material like Tristelle 5183, and it is important to consider the specific 
needs and conditions of each application in order to make an informed decision. 

5.3 Task 2c: LMD Productivity Improvement 

The productivity increase generated from the LMD trials were successful by increasing the 
deposition rate from 300g/hr to at least 500g/hr, with potential to go much higher (multiple 
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kg/hr expected) with further trials utilising up to 5.3kW of available laser power (up from 
the 1.8kW used as the benchmark starting point). Deposition rates in LMD can reach tens 
of kg/hr with the latest industrial lasers reaching 50kW and 35kg/hr (68). However, it may 
be difficult to process all materials at such higher rates, such as materials that are crack 
susceptible. Additionally, processing at such high rates will also increase heat input and may 
not be suitable for all substrates and application components.  

To increase productivity further with the 5.3kW laser it was observed that additional 
equipment would be needed in order to manage the risks to equipment and safety. Having 
access to a beam profiler would aid these tests, allowing for proper characterisation and 
measurement of the beam at each setting. Increasing deposition rate can lead to a trade-
off for a number of the LMD characteristics, including increased grain growth, higher defect 
rates and porosity inclusion, lower powder capture efficiency, and increased residual stress 
(69).  

If a deposited material has a lower density and/or larger grain growth, it is expected that 
these traits will cause a detrimental effect to material properties and performance. 
Therefore, higher deposition rate developments should always be tested and compared 
with the optimal performance of materials found at more conservative deposition rates. 
With further development and demonstrated validation, simulation models may be 
accurate enough to advise without practical trails.  However, it's important to note that 
simulation models must be validated with practical trials before they can be relied upon to 
guide decision-making in industrial applications. In industrial applications, the best 
production method will be dictated by a combination of economics, availability, and 
performance. Therefore sometimes it is impractical for the SOTA deposition rate systems 
that are mostly available within research labs, to be utilised (68).  

5.4 Task 2d: γTiAl ODS 

The promising test results from the previous work done in the OXIGEN project on the TiAl 
ODS material indicates that there is potential for the material to be deposited by the LMD 
process and achieve favourable properties for industry. The technical challenges of 
processing the extremely difficult material have been partially resolved and presented by 
Kenel C 2017 through complex development of the LMD process, coupling induction heating 
and a high purity argon shielding environment (35, 45, 46). It appears that the technical 
challenges when processing the TiAl ODS material were a cause of a combination of: the 
materials sensitivity to powder oxidation and it’s the need for a high purity powder, the 
sensitivity of the shielding environment during the deposition process, and difficulties of 
high-temperature thermal management through preheating and controlled cooling.  

Production of the ODS powder was done using a high-energy mechanical alloying 
technology, which has a number of process steps that can introduce oxygen into the 
material. The relatively low density of the consolidated material, supported by the powder 
testing results, indicates key issues with the quality of the powder, in particular the 
excessive oxygen content. To maximise the performance of the ODS variant, a higher quality 
powder needs to be produced and tested. A higher quality powder with lower traces of 
oxygen and nitrogen can be expected to result in a higher density of the final consolidated 
LMD material, therefore leading to better performance of the material especially in terms 
of strength, and creep resistance than reported by Kenel (35, 45, 46).  
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The representative Ti64 blades were not coated due to the deposit quality issues found 
during the process development trials. The significant quality issues of the deposit, including 
large pores, meant the demonstration activity was not completed and more development 
work (on generating new feedstock or process) would be required. New powder could be 
developed with lower oxidation, using purer methods such as better shielding to oxygen 
exposure from the production steps. 

5.4.1 Task 2e: Ni-WC (60%) 

The volume fraction of retained WC within the metal matrix was found to be relatively low, 
only around 16-20% as taken from EDX results (not shown due to confidentiality). Further 
process optimisation might allow the improvement the fraction of retained WC. However 
the challenges associated with WC deposition includes decarburisation of the particles into 
the matrix causes hardening of the matrix, reducing ductility, as reported by many (70, 71). 

Decarburisation is not an acceptable effect for passing material specification for industrial 
application (for example in the mining industry). The reason for the low volume fraction and 
the decarburisation is expected to be caused due a number of process restrictions and 
challenges. The limited deposited layer thickness, due to the cracking susceptibility of the 
material, combined with large powder particles of WC (50µm to 150µm). An option for 
investigation could be to use smaller but much more numerous powder particles. Another 
option is to use pre-coated particles of WC, i.e. WC wrapped in protective matrix alloy. This 
can potentially lead to less heat input into the carbides and thus less decarburisation. 
Another approach could be to introduce the WC laterally, via a separate nozzle/ inject, 
therefore giving opportunity to reduce the laser energy input into the WC while maintaining 
sufficient melting for the matrix. There were no papers found which include the exact 
application, substrate, buffer layer, and deposit makeup. However, TiC can also be an 
alternative carbide which does not include the same challenges associated with 
decarburisation, and although has a lower hardness, may be applicable for exploration. (72) 

The next set of trials which were not completed, were intended to discover the required 
cooling regime and method. The most promising selected method was to utilise the 
induction heating coils to apply a controlled thermal cooling. A relatively linear cooling 
approach was used from the peak temperature down to 250°C.  

600°C preheat was used for the Ni-WC (60%) powder for the small samples of 30x30mm. 
When the deposits dimensions were increased to demonstration size of 120x60mm, the 
preheat was increased to 650°C to accommodate the increase in process induced stresses 
and the challenge of holding the required temperature over a larger area. 
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6 Conclusions 

The findings of the research are important for supporting the practicalities and approaches 
to resolving deposition of crack susceptible materials by LMD.  

It was possible to increase the deposition rate of a standard powder fed laser metal 
deposition (LMD) machine, by increasing the laser spot size of a high quality, multi kW laser, 
by defocusing the beam in combination with effectively focusing the powder into the melt 
pool. The laser spot size was increased from 1.5mm to approximately 4mm and the 
deposition rate was increased (by 200%) to over 0.5kg/hr with evidence of opportunity to 
increase much higher with further equipment/setup revisions.  

Combining induction heating with LMD provided additional thermal control and modulation 
compared to only LMD, which aided in generating crack free deposits of crack susceptible 
materials such as Tribaloy T800 which could not be created by LMD only.   

Many different materials have been considered in this project, each with different 
characteristics, performance benefits and especially, behaviours while depositing by LMD.  
Commonly, one of the most critical and challenging aspects for depositing each material 
with some success and without detrimental cracking was in the selection of induction 
heating, or thermal control settings to an optimised state, mostly resolved by reducing the 
temperature differences in the substrate and molten pool, as well as by slowing down the 
cooling times post solidification. 

Tribaloy T800 is an extremely challenging material to deposit by LMD without cracks 
forming. The inclusion of nickel to T800, resembling closer to T900, enhanced processability 
by creating a tougher material, but reduced the peak hardness to around 550Hv from a 
potential of >900Hv. T800 was deposited with 600-650W laser power, 1.5mm spot size, 
11.25mm/sec traverse speed, and 6%RPM powder feed rate. Preheating above 850°C 
generated crack free results by direct application, and using interfacial layers aided in 
reducing detrimental impact the substrate and preheating temperatures.  

Room temperature dry sand abrasion resistance of Tristelle 5183 deposited by LMD was 
measured to be at least on par with Stellite 6 deposited by LMD. The operating window for 
depositing Tristelle 5183 was found to be much wider than that of T800. Tristelle 5183 was 
deposited with 600W laser power, 1.2mm spot size, 11.25mm/min traverse speed, 6%RPM 
powder feed rate, and also an enhanced deposition rate by increasing the laser power to 
1800W, approx. 4mm spot size, 11.25mm/min traverse speed, and 48%RPM powder feed 
rate.  

Contamination by excessive oxidisation on the γTiAl ODS powder caused detrimental effects 
during the LMD process which impacted negatively the achievable density in the 
consolidated LMD material. To access the maximum potential of the newly designed γTiAl 
ODS material, a higher quality of feedstock powder would be required.  

Overall it was shown that LMD is a capable process for depositing crack susceptible 
materials which are intended as high performance corrosion and wear protection coatings. 
Industry could use the results to gain confidence in adoption of induction-assisted LMD as 
a good solution for deposition high-performance crack susceptible materials. It can also be 
deduced that other heating – assisted methods (i.e. resistance, furnace, flame, laser, 
infrared) may be applicable to support LMD processing of crack susceptible alloys.   
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7 Recommendations and Future Work 

7.1 Project recommendations 

The following task recommendations are: 

 The remainder of Task 2a and the associated demonstrator in Task 4 are completed with 
consideration to a high temperature demonstrator such as an IN625 component 
/substrate.  

 Task 2b should be completed by comparing the Tristelle 5183 material with Norem 02 or 
other competing cobalt free alloy.  

 Task 2c should be completed with the remaining planned trials of the nozzle extension. 
Measuring practically clipping risk of the nozzle is challenging and requires specialist 
beam profiling equipment. These tests were not conducted but are methods are being 
looked into for future work.  

 Task 2d should be completed by testing the final batch of γTiAl ODS powder.  

 Material performance testing should be completed in Task 3 for the developed coating 
materials, such as galling performance of the nuclear application using test method 
ASTM G196. 

 

7.2 Future work 

 Material testing and in-depth analysis of the applied coatings and deposits are required 
to understand more about process developments and materials. Performance testing of 
the final parameter developments will provide important information about the quality 
and characteristics of the developed processes and materials, and their potential 
relevance for industry. Therefore, performance testing should be relevant to the 
intended industrial applications. 

 The Extreme High-speed Laser Application (EHLA) technology was highlighted in the 
state-of-the-art review as a new and emerging form of LMD technology for wear and 
corrosion coating applications. The technology is expected to offer a step change as a 
coating solution and should be investigated further for industrial application of high 
quality, high-speed LMD coatings. The EHLA technology creates a lower heat input and 
faster cooling rate for the material deposition, which is expected to provide an 
advantage when applying some challenging materials, and enabling new material 
combinations/interactions, potentially reducing or removing the need for additional 
thermal control such as the induction heating technology. Resource and equipment 
availability dependant, the EHLA technology should be trialled as a final output of this 
research programme for some of the promising application materials of interest.  

 TWI has advanced modelling capabilities for coatings and additive manufacturing. The 
implementation of process modelling would benefit future projects by minimising the 
number of expensive physical trials for materials that are extremely challenging to 
process. This would benefit companies looking at feasibility and parameter development 
studies for new materials and applications.  
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 Integrating more advanced process monitoring and measurement equipment, such as 
meltpool measurement devices, could help in enabling greater understanding of the 
process, its consistency and traceability of issues and defects.  
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7.3 Relevant conferences, papers and dissemination contributions 

Journal papers 

 C. Kenel, K. Dawson, J. Barras, ‘Microstructure and oxide particle stability in a novel ODS 
γ-TiAl alloy processed by spark plasma sintering and laser additive manufacturing’, 
Intermetallics, Volume 90, 2017, Pages 63-73, ISSN 0966-9795. 

 C. Kenel, J. Barras, et al, ‘Mechanical performance and oxidation resistance of an ODS γ-
TiAl alloy processed by spark plasma sintering and laser additive manufacturing’, 
Intermetallics, Volume 91, 2017, Pages 169-180. 

 R Lancaster, J Barras, et al, ADDMA_2019_1616 ‘An Improved Methodology of Melt Pool 
Monitoring of Direct Energy Deposition Processes’ 

Conference papers 

 J. Barras, ‘Induction assisted laser metal deposition of crack sensitive alloys.’ Materials & 
Engineering Research Institute Symposium 2018, Pages 6-7. Sheffield Hallam University 

 1st place prize of Ph.D. presentation and article.  

 Daniele Bassan, Josh Barras, et al ‘ICME Assessment of Cladding Repair Processes’, 5th 
World Congress on Integrated Computational Materials Engineering (ICME 2019) 

 Keynote; Josh Barras, ‘Extreme High-speed Laser Application (EHLA); a step change in 
high speed coating technology’ ILAS 2020 (May 2020).  

Workshop Presentations 

 J.Barras et al, Openhybrid, ‘Developing LMD and induction assisted process parameters 
for end use applications’ September 2019, MTC dissemination event to 100 industry and 
academic representatives 

 EHLA, TWI AM symposium 2017 and 2019, to 120 industry representatives from 
aerospace, manufacturing, automotive and energy sectors 
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Appendix A 

 

Powder Test Certificates 

 

  



 

Tribaloy T800 and Tristelle 5183 

 

  



 

NiCrSiB Metco 12C 

 



 

Table A1 Titanium Aluminide: Inclusion Powder Test 

Test Non-ODS 15-45µm Non-ODS 45-106µm ODS 0.6 wt.%, 45-106 
µm 

Oxygen, ppm 8006 1516 9995 (8788*) 

Carbon, ppm 306 88 1104 

B. Dens., g.cm-3 1.69 2.23 1.77 

Nitrogen, ppm 510 89 432 

BET, m2.g-1 0.1367 0.0305 0.1972 

 

*The bracketed oxygen value for the ODS material is a manually calculated normalisation, discounting 
the impact that the yttria has on the measured oxygen result. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Ni-WC powder   

 

  



 

Ni-WC oxidised powder 

 

 



 

 

 

 

 

 

 

 

 

 

 

Appendix B 

 

Deposition images, Microstructural inspection and Test Data 

 

 

 

 

 

 

 

  



 

Task 2.1: Tribaloy T800  

 

 

Figure B1 Deposit sample 114 

 

 

Figure B2 Deposit sample 118 

 

 

Figure B3 Deposit sample 123 and 124 



 

 

Figure B4 Deposit sample 102 (no pre heat and significant cracking) 

 

 

Figure B5 Deposit sample 102 



 

 

(a) (b) 

 

                                      (c)                                                                                (d) 

Figure B6 Deposit sample 102. 

 

 

Figure B7 deposit sample 118 (>850°C). 
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                                      (c)                                                                                (d) 

Figure B8 Deposit sample 118. 

 

 

Figure B9 Deposit sample 124 (preheat 700°C and buffer layers). 
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                                      (c)                                                                                (d) 

Figure B10 Deposit sample 124 

 

  



 

Table B1 Tribaloy T800 Chemical Analysis EDX 

 

 

Approx Depth from 
surface

Corrected Depth from 
surface 

Sample Si Mo Cr Mn Fe Co Ni mm mm
102 102-1 2.5 20.8 17.2 0.5 23 32.5 3.6 0 0.1

102-2 2.9 19.5 17.3 0.6 23.2 32.7 3.8 0.2855 0.3855
102-3 2.5 20.8 17 0.5 23.5 32 3.8 0.571 0.671
102-4 2.6 14.2 17.1 0.8 35.5 24.4 5.5 0.8565 0.9565
102-5 1.6 7.6 17 1.1 52.6 12.3 7.8 1.42 1.42
102-6 0.6 2.3 17.1 1.3 68.7 10 1.62

114 114-1 3.2 23.7 16.5 0.5 21.2 31.5 3.6 0 0.1
114-2 2.5 20.6 17.3 0.6 24.5 30.8 3.9 0.39225 0.49225
114-3 2.3 20.6 17.1 0.5 25 30.8 3.8 0.7845 0.8845
114-4 1.8 13.9 17 0.8 41.3 19.4 5.9 1.17675 1.27675
114-5 1.4 9.5 16.9 1 51.9 11.9 7.4 1.569 1.569
114-6 0.6 2.3 17.1 1.3 69.2 9.5 1.769

118 118-1 2.6 21.5 17.2 0.6 23 31.5 3.6 0 0.1
118-2 2.5 21.2 17 0.6 23.7 31.3 3.8 0.3565 0.4565
118-3 2.5 21.4 17.1 0.5 23.8 31.2 3.6 0.713 0.813
118-4 2.4 20.7 17.1 0.5 25.9 29.7 3.9 1.0695 1.1695
118-5 1.8 13.6 16.9 0.9 41.9 18.8 6.2 1.426 1.426
118-6 0.5 2 17 1.3 69.3 9.8 1.626

119 119-1 2.1 17.7 16.8 0.7 32.3 24.5 5 0 0.1
119-2 2.2 17.7 17.2 0.6 32.3 25.1 5 0.356 0.456
119-3 2.1 17.3 17 0.7 32.7 25.4 4.9 0.712 0.812
119-4 1.9 17.2 17.3 0.8 32.9 24.9 5 1.068 1.168
119-5 1.8 14.4 17 0.9 40.3 20 5.7 1.424 1.424
119-6 0.5 2 17 1.3 69.3 9.9 1.624

120 120-1 2.5 16 15.8 0.5 27.2 21.6 16.4 0 0.1
120-2 2.3 13.5 15.5 0.7 29.8 20.6 17.7 0.39775 0.49775
120-3 2.4 14.8 15.7 0.6 28.8 20.5 17.2 0.7955 0.8955
120-4 2.4 13.5 15.7 0.6 31.2 19.1 17.6 1.19325 1.29325
120-5 1.9 9.6 15.8 0.8 39.5 12.4 20.1 1.591 1.591
120-6 0.6 1.9 17.6 1.3 69.1 9.5 1.791

123 123-1 2.8 17.5 15.3 0.5 18.4 26.4 19.2 0 0.1
123-2 2.7 17.5 15.5 0.5 18.2 26.7 19 0.24075 0.34075
123-3 2.6 17.2 15.6 0.4 18.6 26.9 18.8 0.4815 0.5815
123-4 2.5 12.5 14.8 0.5 26.8 17.7 25.3 0.72225 0.82225
123-5 2.5 14.6 15.2 0.7 23.1 20.8 23.1 0.963 0.963
123-6 0.7 1.8 17.3 1.4 68.4 10.4 1.163

124 124-1 3.2 21.4 15.3 0.4 11.1 31.9 16.8 0 0.1
124-2 3 20.3 15.5 0.3 11.7 31.5 17.7 0.24075 0.34075
124-3 3.2 20.9 15.1 0.3 12.1 29.8 18.7 0.4815 0.5815
124-4 3.1 18.6 15 0.4 14.7 26.8 21.5 0.72225 0.82225
124-5 2.7 14.7 15 0.5 24.5 20.9 21.7 0.963 0.963

1.163



 

 

Figure B11 comparison of Cobalt content in Tribaloy deposits. 

 

 

Figure B12 comparison of Chromium content in Tribaloy deposits. 

Depth from Clad Surface (mm) 

Depth from Clad Surface (mm) 



 

 

Figure B13 comparison of Molybdenum content in Tribaloy deposits. 

 

 

Figure B14 comparison of Manganese content in Tribaloy deposits. 

 

Depth from Clad Surface (mm) 

Depth from Clad Surface (mm) 



 

 

Figure B15 comparison of Silicon content in Tribaloy deposits. 

 

Vickers hardness test method TP08A, BS EN ISO 6507-2015. 

Table B2 Sample 101 hardness results 

 

  

Depth from Clad Surface (mm) 



 

Table B3 Sample 102 hardness results 

 

Table B4 Sample 114 hardness results 

 

Table B5 Sample 118 hardness results 

 



 

Table B6 Sample 119 hardness results 

 

Table B7 Sample 120 hardness results 

 

Table B8 Sample 121 hardness results 

 

 



 

Table B9 Sample 122 hardness results 

 

Table B10 Sample 123 hardness results 

 

Table B11 Sample 124 hardness results 

 

 



 

 
Task 2.2. Tristelle 5183 

 

Figure B16 overview image of Tristelle deposit. 

 

Figure B17 G65 dry sand abrasion samples after testing, indicating good uniformity and 
therefore valid test results.  

 



 

Table B18 Task 2c capability mapping DOE ( + indicates the parameter value for the trial no, and – means not applicable) 

 
30 35 40 45 50 2.25 1.5 1 0.5 0.35 0.2 0 800 1200 1600 2000 600 1200 1800 7 14 21 4 8 

 
Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

Trial no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

1 + - - - - + - - - - - - + - - - + - - + - - + - 

2 + - - - - + - - - - - - + - - - - + - + - - + - 

3 + - - - - + - - - - - - + - - - - + - + - - - + 

4 + - - - - + - - - - - - + - - - - + - - + - - + 

5 + - - - - + - - - - - - + - - - - - + - + - - + 

6 + - - - - + - - - - - - - + - - + - - + - - + - 

7 + - - - - + - - - - - - - + - - + - - + - - - + 

8 + - - - - + - - - - - - - + - - + - - - + - - + 

9 + - - - - + - - - - - - - + - - - + - - + - - + 

10 + - - - - + - - - - - - - + - - - - + - + - - + 

11 + - - - - + - - - - - - - + - - - - + - - + - + 

12 + - - - - + - - - - - - - - + - + - - - + - - + 

13 + - - - - + - - - - - - - - + - - + - - + - - + 

14 + - - - - + - - - - - - - - + - - - + - + - - + 

15 + - - - - + - - - - - - - - + - - - + - - + + - 

16 + - - - - + - - - - - - - - + - - - + - - + - + 

17 + - - - - + - - - - - - - - - + + - - - + - - + 

18 + - - - - + - - - - - - - - - + - + - - + - - + 

19 + - - - - + - - - - - - - - - + - - + - + - - + 

20 + - - - - + - - - - - - - - - + - - + - - + + - 

21 + - - - - + - - - - - - - - - + - - + - - + - + 

22 + - - - - - + - - - - - + - - - + - - + - - + - 

23 + - - - - - + - - - - - + - - - - + - + - - + - 

24 + - - - - - + - - - - - + - - - - + - + - - - + 

25 + - - - - - + - - - - - + - - - - + - - + - - + 

26 + - - - - - + - - - - - + - - - - - + - + - - + 



 

 
30 35 40 45 50 2.25 1.5 1 0.5 0.35 0.2 0 800 1200 1600 2000 600 1200 1800 7 14 21 4 8 

 
Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

27 + - - - - - + - - - - - - + - - + - - + - - + - 

28 + - - - - - + - - - - - - + - - + - - + - - - + 

29 + - - - - - + - - - - - - + - - + - - - + - - + 

30 + - - - - - + - - - - - - + - - - + - - + - - + 

31 + - - - - - + - - - - - - + - - - - + - + - - + 

32 + - - - - - + - - - - - - + - - - - + - - + - + 

33 + - - - - - + - - - - - - - + - + - - - + - - + 

34 + - - - - - + - - - - - - - + - - + - - + - - + 

35 + - - - - - + - - - - - - - + - - - + - + - - + 

36 + - - - - - + - - - - - - - + - - - + - - + + - 

37 + - - - - - + - - - - - - - + - - - + - - + - + 

38 + - - - - - + - - - - - - - - + + - - - + - - + 

39 + - - - - - + - - - - - - - - + - + - - + - - + 

40 + - - - - - + - - - - - - - - + - - + - + - - + 

41 + - - - - - + - - - - - - - - + - - + - - + + - 

42 + - - - - - + - - - - - - - - + - - + - - + - + 

43 + - - - - - - + - - - - + - - - + - - + - - + - 

44 + - - - - - - + - - - - + - - - - + - + - - + - 

45 + - - - - - - + - - - - + - - - - + - + - - - + 

46 + - - - - - - + - - - - + - - - - + - - + - - + 

47 + - - - - - - + - - - - + - - - - - + - + - - + 

48 + - - - - - - + - - - - - + - - + - - + - - + - 

49 + - - - - - - + - - - - - + - - + - - + - - - + 

50 + - - - - - - + - - - - - + - - + - - - + - - + 

51 + - - - - - - + - - - - - + - - - + - - + - - + 

52 + - - - - - - + - - - - - + - - - - + - + - - + 

53 + - - - - - - + - - - - - + - - - - + - - + - + 

54 + - - - - - - + - - - - - - + - + - - - + - - + 



 

 
30 35 40 45 50 2.25 1.5 1 0.5 0.35 0.2 0 800 1200 1600 2000 600 1200 1800 7 14 21 4 8 

 
Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

55 + - - - - - - + - - - - - - + - - + - - + - - + 

56 + - - - - - - + - - - - - - + - - - + - + - - + 

57 + - - - - - - + - - - - - - + - - - + - - + + - 

58 + - - - - - - + - - - - - - + - - - + - - + - + 

59 + - - - - - - + - - - - - - - + + - - - + - - + 

60 + - - - - - - + - - - - - - - + - + - - + - - + 

61 + - - - - - - + - - - - - - - + - - + - + - - + 

62 + - - - - - - + - - - - - - - + - - + - - + + - 

63 + - - - - - - + - - - - - - - + - - + - - + - + 

64 + - - - - - - - + - - - + - - - + - - + - - + - 

65 + - - - - - - - + - - - + - - - - + - + - - + - 

66 + - - - - - - - + - - - + - - - - + - + - - - + 

67 + - - - - - - - + - - - + - - - - + - - + - - + 

68 + - - - - - - - + - - - + - - - - - + - + - - + 

69 + - - - - - - - + - - - - + - - + - - + - - + - 

70 + - - - - - - - + - - - - + - - + - - + - - - + 

71 + - - - - - - - + - - - - + - - + - - - + - - + 

72 + - - - - - - - + - - - - + - - - + - - + - - + 

73 + - - - - - - - + - - - - + - - - - + - + - - + 

74 + - - - - - - - + - - - - + - - - - + - - + - + 

75 + - - - - - - - + - - - - - + - + - - - + - - + 

76 + - - - - - - - + - - - - - + - - + - - + - - + 

77 + - - - - - - - + - - - - - + - - - + - + - - + 

78 + - - - - - - - + - - - - - + - - - + - - + + - 

79 + - - - - - - - + - - - - - + - - - + - - + - + 

80 + - - - - - - - + - - - - - - + + - - - + - - + 

81 + - - - - - - - + - - - - - - + - + - - + - - + 

82 + - - - - - - - + - - - - - - + - - + - + - - + 



 

 
30 35 40 45 50 2.25 1.5 1 0.5 0.35 0.2 0 800 1200 1600 2000 600 1200 1800 7 14 21 4 8 

 
Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

83 + - - - - - - - + - - - - - - + - - + - - + + - 

84 + - - - - - - - + - - - - - - + - - + - - + - + 

85 + - - - - - - - - + - - + - - - + - - + - - + - 

86 + - - - - - - - - + - - + - - - - + - + - - + - 

87 + - - - - - - - - + - - + - - - - + - + - - - + 

88 + - - - - - - - - + - - + - - - - + - - + - - + 

89 + - - - - - - - - + - - + - - - - - + - + - - + 

90 + - - - - - - - - + - - - + - - + - - + - - + - 

91 + - - - - - - - - + - - - + - - + - - + - - - + 

92 + - - - - - - - - + - - - + - - + - - - + - - + 

93 + - - - - - - - - + - - - + - - - + - - + - - + 

94 + - - - - - - - - + - - - + - - - - + - + - - + 

95 + - - - - - - - - + - - - + - - - - + - - + - + 

96 + - - - - - - - - + - - - - + - + - - - + - - + 

97 + - - - - - - - - + - - - - + - - + - - + - - + 

98 + - - - - - - - - + - - - - + - - - + - + - - + 

99 + - - - - - - - - + - - - - + - - - + - - + + - 

100 + - - - - - - - - + - - - - + - - - + - - + - + 

101 + - - - - - - - - + - - - - - + + - - - + - - + 

102 + - - - - - - - - + - - - - - + - + - - + - - + 

103 + - - - - - - - - + - - - - - + - - + - + - - + 

104 + - - - - - - - - + - - - - - + - - + - - + + - 

105 + - - - - - - - - + - - - - - + - - + - - + - + 

106 + - - - - - - - - - + - + - - - + - - + - - + - 

107 + - - - - - - - - - + - + - - - - + - + - - + - 

108 + - - - - - - - - - + - + - - - - + - + - - - + 

109 + - - - - - - - - - + - + - - - - + - - + - - + 

110 + - - - - - - - - - + - + - - - - - + - + - - + 



 

 
30 35 40 45 50 2.25 1.5 1 0.5 0.35 0.2 0 800 1200 1600 2000 600 1200 1800 7 14 21 4 8 

 
Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

111 + - - - - - - - - - + - - + - - + - - + - - + - 

112 + - - - - - - - - - + - - + - - + - - + - - - + 

113 + - - - - - - - - - + - - + - - + - - - + - - + 

114 + - - - - - - - - - + - - + - - - + - - + - - + 

115 + - - - - - - - - - + - - + - - - - + - + - - + 

116 + - - - - - - - - - + - - + - - - - + - - + - + 

117 + - - - - - - - - - + - - - + - + - - - + - - + 

118 + - - - - - - - - - + - - - + - - + - - + - - + 

119 + - - - - - - - - - + - - - + - - - + - + - - + 

120 + - - - - - - - - - + - - - + - - - + - - + + - 

121 + - - - - - - - - - + - - - + - - - + - - + - + 

122 + - - - - - - - - - + - - - - + + - - - + - - + 

123 + - - - - - - - - - + - - - - + - + - - + - - + 

124 + - - - - - - - - - + - - - - + - - + - + - - + 

125 + - - - - - - - - - + - - - - + - - + - - + + - 

126 + - - - - - - - - - + - - - - + - - + - - + - + 

127 + - - - - - - - - - - + + - - - + - - + - - + - 

128 + - - - - - - - - - - + + - - - - + - + - - + - 

129 + - - - - - - - - - - + + - - - - + - + - - - + 

130 + - - - - - - - - - - + + - - - - + - - + - - + 

131 + - - - - - - - - - - + + - - - - - + - + - - + 

132 + - - - - - - - - - - + - + - - + - - + - - + - 

133 + - - - - - - - - - - + - + - - + - - + - - - + 

134 + - - - - - - - - - - + - + - - + - - - + - - + 

135 + - - - - - - - - - - + - + - - - + - - + - - + 

136 + - - - - - - - - - - + - + - - - - + - + - - + 

137 + - - - - - - - - - - + - + - - - - + - - + - + 

138 + - - - - - - - - - - + - - + - + - - - + - - + 
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Stand off Distance (mm) Dial setting Motorised Optic Unit Laser Power (W) Traverse Speed (mm/min) Powder (%RPM) Nozzle Gas (l/min) 

139 + - - - - - - - - - - + - - + - - + - - + - - + 

140 + - - - - - - - - - - + - - + - - - + - + - - + 

141 + - - - - - - - - - - + - - + - - - + - - + + - 

142 + - - - - - - - - - - + - - + - - - + - - + - + 

143 + - - - - - - - - - - + - - - + + - - - + - - + 

144 + - - - - - - - - - - + - - - + - + - - + - - + 

145 + - - - - - - - - - - + - - - + - - + - + - - + 

146 + - - - - - - - - - - + - - - + - - + - - + + - 

147 + - - - - - - - - - - + - - - + - - + - - + - + 
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