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ABSTRACT 
This Thesis is about the aging of FECRAL surface coatings. In this thesis various substrates 
have been investigated such as 16 Mo3, 304, 347, Sanicro 31, 800HT, Nikrothal 80 and 
Kanthal APMT. These substrates have been coated with different FeCrAl alloys, using two 
different coating methods spraying with (High Velocity Air Force) and welding with (Metal 
Inert Gas). 

The purpose of coating is to achieve specific properties of the layer without affecting the 
original properties of the substrate. Therefore, it is important to investigate the boundary layer 
between these two different materials to observe how the interdiffusion of different 
substances such as Cr, Al, Fe and C is affected, which is the purpose of this project. 

The method used to investigate this purpose was to expose these combinations in different 
temperatures and in different environments for different time intervals. Then, using LOM, 
SEM and EDS analysis, the change that the boundary layers have undergone is examined. 
Some calculations in DICTRA have also been performed to see if it was possible to find any 
connection between experimental data and simulation results. 

The result showed carburization of FeCrAl-coatings on 16Mo3 substrates which can lead to 
deterioration of mechanical properties in the substrates but also decreased corrosion resistance 
for the coated layers. The result has also shown that it is difficult to perform spraying for 
small cylindrical products. The reason for this may be the high powder dispersion and the 
expansion of certain products when spraying, which causes the layer to loosen due to the 
shrinkage followed by cooling. APMT sprayed with Nikrothal 80 has shown high porosity in 
the substrates and high interdiffusion of Fe and Ni. High Ni diffusion in low Al alloys such as 
K 198 may be a reason why the coated layer cannot optimally form the protective oxide. 
  



 
 

SAMMANFATTNING 
Detta projekt handlar om åldring av FECRAL ytbeläggningar. I den här avhandlingen så har 
olika substrat blivit undersökta såsom 16Mo3, 304, 347, Sanicro 31, 800HT, Nikrothal 80 och 
Kanthal APMT. Dessa substrat har blivit belagda med olika FeCrAl legeringar, med hjälp av 
två olika beläggningsmetoder, påsprutning (High Velocity Air Force) och påsvetsning (Metal 
Inert Gas). 

Syftet med att materialet beläggs är att uppnå specifika egenskaper utan att påverka 
substratens ursprungliga egenskaper. Det är därför viktigt att undersöka gränsskiktet mellan 
dessa två olika material för att se hur interdiffusionen av olika element såsom Cr, Al, Fe och 
C påverkas av värmebehandling. 

Metoden som användes för att undersöka detta var att exponera dessa kombinationer i olika 
temperaturer och i olika miljöer för olika tidsintervall. Därefter med hjälp av LOM, SEM och 
EDS analys undersöktes förändringen som gränsskikten har genomgått. Några beräkningar i 
DICTRA har även utförts för att se om det var möjligt att hitta någon koppling mellan 
experimentella data och simuleringsresultatet. 
Resultaten visade att 16Mo3 kombinationer fått en tydlig hög uppkolning i skiktet vilket kan 
påverka mekaniska egenskaperna och korrosionbeständigheten under användning vid höga 
temperaturer. 

Resultatet har även visat att det är svårt att utföra påsprutning för små cylindriska produkter. 
Anledningen till detta kan vara hög pulverspridningen samt den termiska expansionen av 
vissa produkter vid påsprutning som leder till att skiktet kan lossna på grund av krympningen 
vid svalning. 

APMT påsprutad med Nikrothal 80 har visat hög porositet i substraten och hög interdiffusion 
av Fe, Al och Ni under exponering vid 1200°C. Hög uppblandning och diffusion av nickel för 
det FECRAL belagda skiktet med relativt låg halt av aluminium K 198 kan vara en anledning 
till att belagda skiktet inte kan forma en skyddande oxid på ett optimalt sätt. 

  



 
 

ABBREVIATIONS 
EPMA = Electron probe microscope analyses 
EDS = Energy dispersive x-ray spectroscopy 
SEM = Scanning electron microscope   
LOM = Light optical microscope 
N80 =Nikrothal 80 
San 31= Sanicro 31 
HVOF = High Velocity Oxygen Fuel 
HVAF = High Velocity Air Fuel 
MIG = Metal Inert Gas 
TIG = Tungsten Inert Gas 
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1 INTRODUCTION 
This project is performed in collaboration with Kanthal AB, Sandvik AB and university West. 
This project is a part of the “SCoPe” project which is a project investigating the differences 
between the thermal spray methods HVOF and HVAF for high temperature corrosion 
resistance application”.  

The Kanthal brand is based on the company AB Kanthal that was founded in 1931 by Hans 
von Kantzow in Hallstahammar, Sweden. The invention and development of alloy of iron-
chromium-aluminium suitable for electric resistance heating was the business idea for the 
company. 

The invention of new FeCrAl occurred almost by accident when a forgotten sample in a 
furnace showed extraordinary resistance to high temperature oxidation and corrosion. Many 
years of development followed, and a completely new resistance material based on FeCrAl-
alloy was developed. This alloy outperformed the existing nickel-chromium (NiCr) alloys and 
become popular in the world market. The new FeCrAl-alloys were marketed using Kanthal® 

trademark which is still used today. 

Today Kanthal AB is a part of the Sandvik Materials Technology business area and different 
products based on FeCrAl-alloys are still very important products for the company despite all 
improvement in different aspects [1]. 

The main facility of Sandvik product area Kanthal is located in Hallstahammar with a big part 
of the research and development of the products and as well the largest manufacturing units 
[1]. The main product area for the company today is the manufacturing of metallic and 
ceramic high-technology heat resistance materials which can be used in different sections 
such as welding, medical applications, electric heating of household applications and 
industrial furnaces [2]. 

Thermo-Calc and DICTRA (TC) are useful software tools and together with suitable database 
packages different kinds of calculations such as phase equilibria, phase diagrams and 
diffusion-controlled phase transformations can be performed. The TC software has been 
developed to handle complex heterogeneous interaction system with non-ideal solution phases 
and simulate any thermodynamic system in different fields such as chemistry, metallurgy, 
material science, alloy development, geochemistry, semiconductors etc. The company 
Thermo-Calc Software AB also provides the software module. DICTRA is a software for 
simulating of diffusion-controlled phase transformations. Using DICTRA makes it is possible 
to simulate processes such as homogenization, carburising, micro segregation and coarsening 
in multicomponent alloys [3]. 
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1.1 Aim  
The aim of this project is to study the interdiffusion between substrate and the coating layer to 
estimate the life length of the coated layer. Studies of the lifetime for the coated layer during 
exposure for different time interval and different temperatures will be performed. The 
interdiffusion will be investigated in experimentally and compared to the simulation results.  

• Questions 
- what are the differences between the coating methods HVAF and MIG? 
- What happens to the coated layer during thermal exposure? 
- What does the concentration profile look like before and after heattreatment? 
- What does the microstructure look like before and after heattreatment?  
- Do the simulations give the same results to experimental data? 

1.2 Environmental aspect 
Steel production as all other activities human do impact the environment, but the steel 
production has a lots of benefit for the society. Aim of this project is developing new methods 
and new material for coating application to extend the life length of the product and at the 
same time it reduces the residual materials for coating applications. The new FECRAL alloys 
that have been used in this study contain less amount of Cr, Al and other alloying elements 
which is good for environment  
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2 BACKGROUND 
The need of power production is increasing every day of our modern society and power 
production without impact on the environment has been in focus in recent year. One of the 
solutions for this problem is combustion of biomass and waste wood to utilizes the heat 
energy for generating electricity. This type of energy is considered as a renewable energy 
source because of its natural CO2 emission, but one of the challenges faced during production 
is the contents of corrosive elements in this fuel. Waste wood always contains traces of paint 
or plastics parts which give rise to increased amounts of chlorine (Cl), sulphur (S), Alkali 
metals (potassium and sodium) and heavy metals such as Zinc (Zn) and lead (Pb) in the fuel. 
All these elements cause corrosion problems for the steel and therefore more corrosion 
resistant materials are required for this application.  

A power plant is used to produce steam or hot water by allowing the flow of various gaseous 
fuels across the thin tubes that are filled with cold water. The combustion process of waste 
and biomass is carried out in the boiler. Different type of boilers can be used depending on the 
combustion process, application or the type of steam/water circulation. Figure 1 shows one 
example. 

 

 

Figure 1 A schematic picture of a boiler [4] 
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Corrosion problems are very common in high temperature applications like biomass or waste-
boilers because most gases above 300-400°C become very aggressive and cause corrosive 
attack on metals. The most corrosive gases are CO, H2S, SO2, Cl2 and HCl. These gases 
make the problem more complicated for metals. Except oxidation these gases can cause 
nitriding, sulphidation, carbonization, chloriding etc [5]. 

The corrosion problem mainly affects two important parts in the boiler, the superheaters and 
the wall of the furnace. Henderson. [4] has mentioned that “corrosion rate of up to 1.5 mm a 
year have been measured on low alloy steel furnace walls giving a life time of only 3 years if 
no action is taken; a new furnace wall for a 100 MWth boiler can cost up to 20 million SEK” 
[4]. 

The most commonly used alloys for the furnace wall tubes are ferritic pressure vessel steel 
steels such as 16Mo3 because of their excellent low thermal expansion, high stress corrosion 
cracking resistance, high heat transfer properties and low cost. These tubes contain pressured 
water that can be heated by allowing combustion gas flow across them. The purpose of 
investment in this area is to reduce the cost that is associated with corrosion problems that 
occur at high temperature. The harsh environment in some parts in the boiler can cause 
different types of corrosion. To find the best way to solve this problem there are several 
solutions that can be taken in consideration, but three of them will be considered for this 
work. 

• Steam temperature: By keeping the steam temperature at low degree high temperature 
corrosion can be avoided, but that affects the efficiency of the power plant 

• Fuel additives: By adding different type of additives to the fuel like sewage sludge, the 
flue gas chemistry and deposit composition can be changed. 

• Corrosion resistant alloy: By coating the furnace wall tubes with a coating layer of a 
more corrosion resistant alloy the effect of high temperature corrosion can be reduced, 
and the lifetime of tubes extended.  Highly alloyed steels such as stainless steels, 
chromium-aluminium alloys or nickel alloys have exhibited higher corrosion 
resistance and are used as a coating, which will be the primary concern of this thesis 
[4]. 

2.1 High temperature corrosion resistant alloys 
High temperature corrosion resistant alloys have been available for long time and has shown 
an excellent performance in both oil and gas production industry. These alloys consisting of 
elements that can form an oxide layer to protect base material. These elements such as 
chromium, aluminium and reactive elements (such as titanium, nitrogen and zirconium) aid in 
improving the performance of the oxide layer [6]. 
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2.1.1  FeCrAl-alloys 
FeCrAl are ferritic iron-based alloys with a body centre cubic crystal structure. They are 
alumina forming alloys that can form a thin protective alumina layer, α-Al2O3, at high 
temperature to prevent oxidation. The alumina phase is defined as a stoichiometric oxide and 
because of that it grows very slowly. It has great chemical resistance and is formed as a thin 
and dense layer due to low oxygen diffusivity. The conventional FeCrAl contain around 20 
Wt.% Cr and 3-6 Wt.% Al and other reactive trace elements with high oxygen affinity such as 
Y, Ti, Zr can be seen in table 1. 

FeCrAl alloys were developed by Hans von Kantzow in 1920’s. The foundation was that by 
adding Cr to Fe-Al system, it was possible to achieve a protective layer of alumina with lower 
aluminium concentrations. It is an excellent discovery since adding more Al caused 
difficulties in fabrication for the alloy system. Further this new alloy had better electrical 
resistance compared to other alloys that existed at that time. The maximum amount of Al 
added was 16 [Wt.%] for good manufacturability. The Al concentration could now be 
decreased to 3 Wt.% without affecting the oxidation property of the material, by adding Cr. 
Despite reduction of Al-concertation it still exhibits a few difficulties to use this alloy for high 
pressure applications, which remains as the main concern for its applications such as 
superheaters [6]. 

Table 1 Typical composition of FECRAL alloy [15] 

Wt.% Fe Cr Al C Mo Mn Si 
Min Bal. 14 3 - - - - 
Max Bal. 25 6 0.08 3.0 0.4 0.7 

2.1.2  Alloys for Superheater Tubing 
Nickel- and iron-based alloys are the best selection to obtain a good thermal conductivity and 
excellent mechanical properties. In coal-fired plants the temperature can exceed 600°C and 
there the microstructural stability and creep rapture strength become the crucial issues to be 
handled in that environment. In waste-fired plant the temperature of steam is lower and 
therefore the corrosion resistance determines the product’s life. Various alloys can be used for 
these applications which are discussed briefly below [7]. 

2.1.3  Ferritic pressure vessel steels 
Stainless steels with ferritic phase have body centered cubic (BCC) structure and are 
ferromagnetic. These alloys are limited to 500°C because of their poor oxidation resistance 
and creep rupture strength, but their low cost always makes them an interesting alternative for 
low temperature applications. Few of these alloys are 13CrMo44, (1Cr-0.5Mo-Fe) and 
13CrMo910 (2.25Cr-1Mo-Fe) have been used for superheater tubes in waste fire plants after 
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heat treatment in various ways to provide an optimum structure and a desired density of 
dispersed precipitates to obtain the required performance [7]. 

2.1.4  Ferritic- martensitic steels 
These alloys have higher creep rupture strength than the low alloy ferritic alloys. They are 
commonly strengthened by solid solutioning or precipitation hardening to improve the 
mechanical properties. This leads to the formation of a protective layer of Cr-oxide to prevent 
high temperature corrosion. These materials are subsequently tempered to get better ductility 
and impact the strength at low temperatures [7,8]. 

2.1.5  Austenitic stainless steels  
The structure of these alloys is face centred cubic (FCC). Addition of Ni makes it possible to 
stabilize the austenitic structure, but the alloy cost is higher compared to the ferritic and 
ferritic-martensitic steels. Austenitic stainless steels have higher thermal expansion and lower 
thermal conductivity than the ferritic alloys and they are non-magnetic. The standard 
austenitic stainless-steel alloy is 304 and it is very common in the market and can be found in 
different modifications. These materials are commonly used for applications with high 
requirements on high temperature corrosion and creep rupture strength [7, 8]. 

2.1.6  Nickel-base alloys 
Nickel base alloys have FCC structure. These alloys are mainly used in high temperature 
applications because of their good high temperature corrosion resistance properties and 
excellent mechanical properties. Nickel base alloys are commonly used in coal-fired plants 
and a few alloys such as alloy 625 are used in waste and biomass boiler. These alloys are very 
expensive due to their high nickel content [7].  

2.1.7  Alloy 625  
alloy 625 is an austenite nickel based super alloy, and it is very commonly used as a coating 
material, because of its excellent resistant to oxidation and corrosion over a broad range of 
corrosive conditions. This alloy has been used in different application like jet engine 
environments, and several other aerospace and chemical process applications. The excellent 
strength and toughness of this alloy over a broad temperature range from cryogenic 
temperature up to 1000°C make it suitable for various application. 625 gains its strength from 
the solid solution strengthening as effects of molybdenum and niobium in the nickel-
chromium matrix. Chemical composition can be seen in the table 2 [9]. 
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Table 2 Nominal composition of 625 alloy [9] 

Wt.% C Mn P S Si Cr Ni Mo Nb Ti Al Fe Ta 
Min -- -- -- -- -- 20.

0 
58.
0 

8.0 3.1
5 

-- -- -- -- 

Max 0.1
0 

0.5
0 

0.01
5 

0.01
5 

0.5
0 

23.
0 

Bal
. 

10.
0 

4.1
5 

0.4
0 

0.4
0 

5.
0 

0.0
4 

2.2 Coating 
This is a process used in many applications to obtain specific properties only on the surface. 
These properties can be various functional properties such as adhesion, wettability, also 
electrical conductivity but even protective properties such as wear resistance and corrosion. 
Coatings can be applied in various ways depending on the requirements of the application. 
Thermal spray methods and overlay welding are examples which will be discussed below. 

2.2.1  Thermal spray methods 
Thermal spray methods are different spray processes that are used to coat different substrate 
with aim to protect the base material/substrate. There are many different spray methods e.g. 
HVAF and HVOF. The focus will be on HVAF and therefor it will be explained and 
compared to the HVOF method in the following sections. 

The principle of this process in general is a metallic or non-metallic material with desired 
properties deposited on the substrate. The feed material is usually in form of powder with a 
distribution of particle size, wire or solution/suspension is heated up to a molten or a semi 
molten temperature. The heated powders are accelerated with a jet to be hit to the substrate. 
These particles are deformed they hit the substrate producing a thin layer often called splat. 
The coating particles solidify rapidly when they hit the substrate and bonds to each other by 
mechanical interlocking impact. The next particles deposition on the initial layer, follow the 
same principle of overlapping as the previous one. Each splat is around 1- 20 micrometre in 
thickness and each droplet cool down with very high cooling rate, it has a cooling rate around 
106 K/s for metals to produce a uniform of very fine-grained polycrystalline coatings layer. 
Figure 2 shows the process of thermal spraying method in general [10]. 
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Figure 2 Schematic picture of thermal spraying method [10] 

 

 Different materials are available for deposition and the deformed part can easily be recoated 
by the same method. The following three basic types of materials that can be used in this 
process 

• Single-phase materials such as pure metals, alloy, intermetallic, and polymers. 
• Composite materials such as cermets (WC/Co, Cr3C2/NiCr, NiCrAlY/Al2O3) 

reinforced metals, and reinforced polymers. 
• Layered or graded materials, which are called functionally gradient materials [10]. 

2.2.1.1  HVOF-coatings 
High velocity oxygen fuel coating, is a process using a combination of fuel gas such as 
(hydrogen, propane, propylene) and oxygen to produce a combustion jet at a temperature 
range of 2500-3100°C. The burning of fuel occurs internally at very high combustion 
chamber pressure and pushed out through a small diameter opening typically (8-9 mm) to 
make a supersonic gas jet with a particle velocity of typically about 550 m/s, as can be seen in 
figure 3. The process gives an extremely compact layer due to the high speed of melted 
particles, well bonded coatings and all that makes this process very attractive for many 
applications [10]. 
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Figure 3 Schematic picture of HVOF spraying [12]. 

The main Advantage and disadvantage of HVOF 

+ Higher compacted density which means less porosity because of the high spray velocity.  
+ Less degradation of carbide phases yields higher hardness. 
+ Better corrosion protection because of the low porosity.  
+ greater bond strength between the substrate and the coating layer. 
+ Reduced oxide content due to less in-flight exposure time. 
+ Keeping of the powder chemistry due to reduced exposure time at high temperature . 
+ Thicker coatings layers can be produced due to less residual stress. 
+ Smoother surface of the coating layer due to the high impact velocities and finer powder 
sizes. 

- The HVOF process properties and microstructure are dependent upon the processing 
variables and that makes the coatings process very complex. 
- This process requires personnel with good experience and qualification to ensure higher 
quality of the coatings. 
- It requires much more investment than other thermal spraying processes.  
- geometry limitations, it is difficult or impossible to achieve the depositions of coating for a 
small cylindrical and other component which is difficult to achieve to the surface due to the 
need of spray distance between150-300 mm and line of sight to the surface [11]. 

2.2.1.2  HVAF-coatings 
High velocity air fuel coating is a novel technology in the thermal spray method, in general 
the process is very similar to HVOF, the major difference between then, is the use of air 
instead of oxygen as figure 4 shows. In this process air and fuel gas such as (propane, 
propylene, or natural gas) are premixed before entering the combustion chamber. The ignition 
of the process occurs with an electric spark plug. Before the process is started the ceramic 
wall in the chamber is heated above the ignition temperature of the mixture and after short a 
time the process is provided with further ignition and then the combustion is taking over the 
role of the spark plug. The process is fed with powder through an opening in the hot back wall 
and N2 gas is used as carrier. The cost of this low compared to the HVOF because of using of 
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air instead of oxygen. The combustion is the primary source of energy for the particle 
spraying. Further adding of fuel is between the first and second nozzles to control the 
temperature of powder particles and increase the velocity of particle’s in-flight [12]. 

 

 

Figure 4 Schematic picture of HVAF spraying [12]. 

Various variables control the combustion such as the type of fuel, design of nozzles (length, 
diameter), amount and composition of injected fuel gas in both the first and second stage(in-
die). The temperature and the velocity of particles are affected by the characteristics of the 
injected powder (chemical composition, particle size and distribution, and the morphology) 
and all that impact the final property and performance of the coating layer.  

The HVAF process can generate a jet steam with a velocity of about 1400 m/s which manage 
to accelerate the speed of the particles up to 1100 – 1200 m/s. This high velocity provides a 
good bonding of the coating layer with the substrate and gives a very compacted coating 
layer. The temperature of HVAF flame is measured to less than1950°C, which heats up the 
inflight particles to a temperature around 1500°C. This type of process can spray materials 
that are very sensitive to temperature and oxidation such as Cr and Al due to the low 
temperature. The low temperature provides a good control of the oxide content in the coating. 
For the most material the oxygen concentration can be kept below 1 wt. % [12]. 
 
Combining of both narrow particle size distribution with optimization of process parameters 
increase the deposition efficiency. Another benefit of HVAF process is the ability to grit-blast 
the samples to clean and roughen the substrate without any need for a separate grit-blasting 
equipment. 

Microstructure of the bi-layer has a big effect on the corrosion property of the layer. Two 
important structure inter-lamellar boundaries and porosity as can be seen in the figure 5 will 
be discussed in this section to get an understanding about how corrosion can propagate [12]. 
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2.2.1.3  Inter-lamellar boundaries 
Inter-lamellar boundaries form when the heated particles hit the substrate material. The heated 
particles are flatted and form splat and splat boundaries (lamellae boundary) as figure 5 
shows. The region mostly susceptible to corrosion attack according to the previous 
observation of numerous corrosion damages in the thermal spray coating are inter splat 
boundaries or along rounded and unmeted particles. Figure 5 show the difference between 
when the inter-lamellar cohesion of coating is good and poor respectively.  

 

 

 

Figure 5 the difference between when the inter-lamellar cohesion of coating is good and poor respectively [12]. 

These areas determine how good the corrosion protection is due to several reasons. The first 
reason splat boundaries which forms as an effect of poor inter-lamellar cohesion which work 
as corrosion sites for tiny chlorides due to the high diffusion rate compared to water 
molecules and oxygen. Secondly because of the possibility of oxide formation during 
spraying the droplets surface, along lamellae boundaries can be favourable sites for corrosion 
process [12]. 

2.2.1.4  Porosity 
Corrosion resistance of the coatings strongly depends upon the porosity content in the coating 
layer. In figure 6 shows the difference of two different type of porosity interconnected and 
closed porosity. If the pores are interconnected that cause higher diffusion rate of different 
alloying element which affect the oxide layer formation and at same time these pores can as 
well act as a channel between the corrosive environment and the substrate. 
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Figure 6 Difference between close and interconnected porosity respecitively [12] 

2.3 Overlay welding method 
Overlay welding in general is a process used to apply a corrosion protective layer to prevent 
corrosion of base material which has low corrosion resistance. This process can be used in 
various application such as pipes, vessels, tubes and valves to improve the service life. It can 
even be used for reconstruction of damaged components.  

There are different types of welding and each process has its own advantages and limitations 
which can be applied for corrosion resistance. Selection of the optimal welding method is 
dependent on different factors such as position, dilution and cost. The welding position is a 
very important parameter which should be taken into consideration when selecting the 
process, because certain processes have position limitations and cannot be applied on a certain 
position. Dilution is another important factor which must be considered for optimal 
performance. Dilution value measure the intermixing amount of the base material and the 
overlay material. This value is usually calculated in percent based on the ratio of molten base 
metal volume (area) to the volume (area) of total fusion zone. This value depends on welding 
parameters and therefore each process has an expected value, but by controlling each one of 
these parameters the dilution can be minimized.  
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Parameters which affect the dilution are as follows: 

• Welding speed: increased speed cause increase in dilution  
• Welding voltage: Increased voltage provide an increase in dilution 
• Electrode diameter: smaller electrode requires less current and, that reduces dilution 
• Thin material: thin sheet TIG welding can give rise to high dilution value 
• Water cooling: reduce dilution  
• Overlapping; good overlapping gives less dilution.  

2.3.1  Metal inert gas/active gas (MIG/MAG)  
This process is also known as Gas Metal Arc Welding (GMAW). GMAW became very 
popular since 1950s and nowadays it is the most used process in the industry in Europe, USA 
and Japan. The principle of this process is a mechanical force drives up the wire electrode to 
the welding gun. An electric arc is established due to which the electrode is melted 
continuously in a protective gas, the so-called shielding gas atmosphere. The purpose of this 
gas is to protect the electrode, weld pool and the heated material from being contaminated 
because air comprises of oxygen and nitrogen and the melt can easily react with these gases. 
Two different shielding gas can be used active or inert gas. The major difference between 
these two is an inert gas does not react with welding pool, while an active gas reacts with it. 
Example of the inert gas that can be used is argon or helium and combination of argon and 
carbon dioxide or argon and oxygen [4, 13]. 

There are different ways for how the molten filler material is transferred to the welding pool 
and that is important as it affects the productivity level. 

• Short Arc, it is a beneficial way for joining in thin layer applications, but it has low 
productivity. 

• Pulsed Arc, it is a common way and the most used technique today, because of the low 
heat input but it has lower productivity level than spray arc.  

• Spray Arc, this technique makes a fine spray of metal droplets at rates of a hundred 
droplets per second. The productivity for this technique is very high. 

The MIG process can be automatic or semiautomatic, can be applied on different welding 
positions without any problem and can easily be applied for complex shapes and components.   
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Advantages and disadvantage of MIG: 

+ MIG can easily be automated and used for different welding positions 
+ Low heat input 
+ MIG has high productivity compared to other processes because of continuous feeding of 
electrode 
+ High deposition rates up to 10 Kg per hour [13]. 

- This process has outdoor limitation due to the effect of wind, dispersing the shielding gas 
- MIG has very high dilution value between (15 – 25) % because of that several layers are 
needed to obtain the required surface properties.  
- The process become more complex and require qualified personnel with excellent skills if 
there are any requirements for example no bonding defects and no pores. 

2.3.2  Tungsten inert gas (TIG)  
Gas Tungsten Arc Welding (GTAW) is another name of this process. in general, the process 
is based on establishing an arc between the work piece and the tungsten electrode. The 
purpose of using a tungsten electrode is the high melting temperature because the electrode 
will not be melted and consumed compared to the MIG method. Instead the electrode melts 
the base material and the filler material. The shielding gas that is used for this method is inert 
gas such as argon or helium to protect the welding pool and the electrode from damaging 
effects [4, 13]. 

Advantages and disadvantages of TIG: 

+ This method provide higher welding quality compared to MIG such as less defects 
+ The operator has more freedom to control the arc energy and the filler material 
+ TIG is very suitable for welding a thin sections 
+ The method is suitable for applications which require smooth transition between materials 
and the weld 
+ TIG produces less inclusions compared to other processes.  

- It is a time-consuming process  
- TIG requires higher skills for operator 
- There is a risk for inclusions forming if the electrode touches the welding pool and then the 
tungsten inclusions must be removed [4]. 
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2.4 Overview of high temperature corrosion 
Alloys, which are used in applications at elevated temperature degrade with time. The lifetime 
of these alloys is determined by their corrosion properties and by the mechanical properties 
such as creep rapture resistance at elevated temperature.  

The corrosion resistance is obtained by forming of a protective oxide layer of oxides on the 
surface. All materials, such as Fe, Cr, Ni, etc are thermodynamically unstable in an oxygen 
atmosphere at high temperature due to their high oxygen affinity and start to oxidize 
spontaneously. These metals can react with the environment and form different oxides. The 
type of oxides depends on several factors such as environment, temperature etc. Temperature 
is an important factor, which determine the oxide growth rate and the spontaneity of the 
reaction which determine the oxide type possible to form [14]. 

The stability of oxides 

The thin oxide layer on the surface of most metals is formed in oxidizing environment 
according to this reaction.  

   𝑥𝑥 M(s) + 𝑦𝑦
2
 O2 (g)  MxOy                                                   

The driving force for this reaction is the change in free energy associated with the formation 
of the oxide. The requirement for this reaction below occurs spontaneously, the ΔG (change in 
Gibbs free energy) must be negative. 

                                            ΔG = ΔG products – ΔG reactants                                       (Eq.1) 

The stability of the oxide at constant temperature can be calculated by using the relation 
between ΔG and the activities, a, of the species involved in the reaction. 

                                                             𝛥𝛥𝛥𝛥 =  −𝑅𝑅𝑅𝑅 ∗  𝑙𝑙𝑙𝑙(𝐾𝐾)                                (Eq.2) 

                                                             K=  
𝑎𝑎𝑀𝑀𝑥𝑥𝑂𝑂𝑦𝑦

𝑎𝑎𝑀𝑀  ∗𝑎𝑎𝑂𝑂2
  𝑦𝑦2 

                                     (Eq.3) 

In the above reaction “R” is the gas constant. The lowest oxygen pressure which provide a 
stable oxide can be calculated if the Gibbs free energy is known according the equation 
below. 

                                                               𝑃𝑃𝑂𝑂2 = �−ΔG
𝑒𝑒𝑅𝑅.𝑇𝑇�

2
𝑦𝑦                                       (Eq.4) 

The relation between PO2 and T can be plotted in an Ellingham diagram to illustrate the 
stability of different oxides. 
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2.4.1  Oxidation properties of FeCrAl 
FeCrAl normally forms a stable oxide phase which is α-Al2O3. α-Al2O3 is called (corundum) 
which has the rhombohedral crystal structure and is composed of hexagonally close-packed 
oxygen ions and 2/3 of the octahedral holes are taken by the metal ions.  

α-Al2O3 is isostructural with Cr2O3 (Chromia), but the ionic diffusion is slower in α-Al2O3 due 
to the high lattice energy. That makes the defect concentration very low which minimize the 
transport paths for metal and oxygen ions. It must be taken into consideration that steels that 
form α-Al2O3 instead of Cr2O3 have higher oxidation resistance and can be used in application 
with higher temperature. Additionally, the α-Al2O3 does not suffer from evaporation unlike 
Cr2O3. 

It is difficult to get the benefit of forming a stable oxide phase for high Cr content in an alloy 
for application with temperature below 1000°C, because the phase separation of α-alumina is 
very slow and other transient phases from alumina can be formed instead such as (γ-, δ- and 
θ-Al2O3) and that does not provide an equally good corrosion protection.  

In addition, reactive elements such as Y, Zr, Hf, Ce and La are added to the alloy to improve 
the protective layer by improving the adhesion of the alumina scale. These reactive elements 
have a lot of advantages for the corrosion properties, but because of the small added amount 
(less than 0.1%) of these alloying elements it is difficult to observe the distribution of them in 
the oxide scale. The reactive elements are reported to segregate to the scale grain boundaries 
and at the alloy/oxide interface. It has been mentioned in literature that Y and Zr additions 
provide a finer grained alumina scale [14]. 

2.4.2  Growth of aluminum oxide  
The oxidation growth mechanism can be described in three stages:  initial oxidation, slow 
alumina growth and formation of less protective oxides and problematic degradation. The 
growth in the first two stages follow parabolic or power law oxidation kinetics. 

• Initial oxidation: It is common that transient alumina (γ-, δ- or θ-Al2O3) is formed 
instead of α-Al2O3. Then these transient aluminas converts with time to α-Al2O3 

(which is the thermodynamically stable phase). The conversion requires high enough 
temperature. Faster transition can be obtained by increasing the exposure temperature. 
Other important factors should be taken into consideration, the pore formation and 
stresses within the oxide due to the transition.   

• Slow alumina growth: As soon the α-Al2O3 is formed, the oxidation rate decreases 
because of the low diffusion through this phase. The growth of this phase takes place 
mainly by grain boundary diffusion of oxygen and gives an inward-growing oxide. As 
the alumina grows the oxide scale thickens and mechanical stresses are built up within 
the scale, causing formation of cracks in the oxide followed by spallation. The slow 
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oxidation rate is sustained by the formation of a new protective oxide layer on the 
spalled area. The alumina formation and oxide spallation consume Al from the alloy, 
which reduce the amount of available Al in the alloy. 

• Formation of less protective oxides and catastrophic degradation: When the Al 
content in the alloy is less than the critical content that leads to the formation of less 
protective oxides and a recovering problem of the damaged protective layer. When 
this problem happens, the formation of chromium rich oxide can temporarily slow 
down the oxidation rate. After a long exposure, a chemical failure happens and that 
results in serious corrosion which leads to deformation and loss of material. 

Chemical failure has two failure types, intrinsic chemical failure (InCF) and mechanically 
induced chemical failure (MICF). The InCF describes the phenomenon of consuming Al. The 
Al amount in the substrate alloy is reduced to values close to zero before the breakaway of 
corrosion is started. MICF of the oxide scale is a result of cracking and spallation. Mechanical 
stresses cause higher Al consumption and result in shorter lifetime [14]. 
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3 METHOD AND MATERIALS 
In this study seven substrates were used: 16Mo3, 304, 347, 800HT, San31, N80 and APMT as 
table 3 show composition of each substrate. 

Table 3 Composition table of rods that have been used in this work. 

 Substrate Fe Ni Cr Al Si Mo Mn Cu C N Other 
16Mo3 Bal. 0.03 0.18 -  0.3 0.32 0.71 0.02 0.17 0.0094   
N80 0.42 Bal. 19.92 0.21 1.36 0.02 0.02 0.01 0.015 0.009   
Kanthal 
APMT 

Bal. - 21.0 5.0 
Max 
0.7 

3.0 
Max 
0.4 

- 
Max 
0.08 

- RE 

AISI 304 Bal. 8.1 18.7 - 0.46  1.6 0.36 0.016 0.082  

ASTM 
347 

Bal. 11 18 - 1.0  2.0 - 0.080 - 
Cb+Ta = 
10 x C 

San31 Bal. 30.5 20.5 0.5 0.6 - 0.6 - 0.07 - Ti=0.5 
Alloy 
800HT 

Bal. 31.12 19.99 0.56 0.2 - 0.69 0.16 0.078 - Ti=0.45 

3.1 Coating alloys 
In this study different coating methods were used; HVAF thermal spray and MIG overlay 
welding. Table 4 and 5 shows thee welding wires and the spray powders that were used in this 
study to perform the coating.  

Table 4 Composition of welding wires that have been for used MIG welding in this work. 

Welding wire Fe Cr Al Si Mo Mn C Ni Other 

192 Bal. 20.5–23.5 4.8–5.2 < 0.5 2.5–3.5 < 0.7 < 0.08 < 0.5 RE 

197 Bal. 11–14 3.2–4.2 1–2 < 0.5 < 0.7 < 0.08 < 0.5 RE 

198 Bal. 9.5–13 3.8–4.2 < 0.5 < 0.5 < 0.7 < 0.08 < 0.5 RE 

 
Table 5 Composition of powders that have been used for HVAF spraying in this work. 

Powders Fe Ni Cr Al Si Mo Mn Cu C N Other 
K197  Bal. 0.09 12.9 4.9 1.9 -  0.18  - 0.03 0.02 RE 
K198  Bal. 0.3 9.9 3.7 0.26 -  0.3 0.01 0.03 0.037 RE 
Kanthal 
APMT 

Bal. 0.18 21.03 5.02 0.35 2.83 0.15 0.02 0.039 0.044 
RE 

Nikrothal 
80 

-  Bal. 19.78 <0.02 1.44 <0.01 0.2 <0.01 0.008 0.036 RE 
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3.2 Welding preparation  
In this study MIG welding has been used. All overlay welding was performed at Sandvik in 
Sandviken. The overlay was made with a help of an operator. The overlay welding was made 
in one layer. In any welding process there are many parameters to control. Setting the welding 
is one of the reasons that affect the development rate of MIG especially in industry 
applications. The substrates have been preheated at 300°C before welding and no reheating 
after welding. 

The welder’s subjective opinion is always very important in evaluation of the welding. There 
are several factors that should be taken into consideration such as: Ignition characteristics, arc 
stability fluidity, bead appearance, edge, surface, spatter and oxide residue. Samples have 
been visually examined before exposing them. 

The overlay weld was made along the pipe in horizontal direction. Linear welds were 
conducted parallel to the rolling direction on each pipe specimen. The aim of the visual 
examination was to control if there were any cracks or other planar defects. Further the 
samples have been evaluated by stereomicroscope to observe the presence of any existing 
cracks or other defects in the samples. 

3.3 Thermal spray preparation 

All thermally sprayed samples have been prepared and manufactured at University West in 
Trollhättan. 10 mm rods were used for this method. All rods were blasted with blasting agents 
before spraying. The composition of the powders used for this application can be found in 
table 5. The powders were prepared in the same way and have almost the same particle size 
distribution. The spray coated layer is about 400 microns. 

3.4 Samples preparation for Experiment 
All samples have been cut to specific size. Welding samples was cut to 18-20 mm in length 
and 8-10 mm in width. Sprayed samples were between 22-25 in length. See figure 7. The 
samples have been cut with high caution, especially sprayed samples to prevent the coating 
layer from detaching and breaking. Settings for cutting parameter can be seen in table 6. 
Rubber insulation has also been used between clamps. Six pieces of each combination have 
been carried out. Each piece gets a number by using air-driven engraving.  

                 

Figure 7 sprayed rods before and after cutting 
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Table 6 Cutting machine parameters 

Wheel speed 3000 RPM 
Feed speed  0.5 mm/min 

 

The cut samples have been washed with isopropanol using ultrasonic bath machine by placing 
them in tube with propanol and putting them in ultrasonic bath in 10 min to remove all dirt 
and fats as figure 8 shows. The samples have been dried by using air gun.   

 

Figure 8 Clean samples from fats and dirt by using propanol 
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3.5 Thermal exposure 
• Isothermal exposure  
• Cycling exposure 
• Ash exposure 

3.5.1  Isothermal exposure  
Each cut sample piece has been placed in a cylindrical ceramic container and placed on a 
plate in the furnace as figure 9 shows. Table 7 and 8 display the isothermal exposure matrixes. 
All these isothermal exposures were performed for the same time intervals, 48 hours, 1 week, 
2 weeks, 5 weeks and 9 weeks. The extracted samples have been water quenched after 
exposure. 

 

Figure 9 Samples placed in the ceramic container. 

 

Table 7 Sprayed samples matrix. 

 
 

  

Substrate  16Mo3 304 800 HT N80 APMT 
spraying alloy 500°C 1000°C 1000°C 1200°C 1200°C 
K 197      X    X      X     
K 198      X          
APMT      X    X      X    X   
N80            X 
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Table 8 Welded samples matrix. 

Substrate  16Mo3 347 San31 HT 
welding alloy 500°C 1000°C 1000°C 
197      X    X      X 
198      X    X      X 
192      X    X      X 

 

3.5.2  Cycling Exposure 
Two samples have been exposed to cyclic heat-treatment N80 sprayed with APMT and 
APMT sprayed with N80. Cycling temperature was between room temperature and 1200°C. 
The cycling has been carried out manually by taking out the samples of the furnace and letting 
them cool down. Before returning the samples to the furnace, they had been documented by 
stereo microscope. Interval time for these samples were 100 hours between each step, but 
sometime the exposing time has been longer or shorter because of the weekends and days off 
however the total time was 1080 hours, it is about 9 weeks and the week has been considered 
as five work days in this case. These samples have never been water quenched.  

3.5.3  Ash Exposure 
The samples have been prepared in the same way as previous samples. The samples have 
been placed in ceramic rectangular containers half filled with ash pellets as figure 10 shows. 
All samples have been half buried in the ash pellets to investigate the effect of directly contact 
of material with ash and atmosphere. See table 9 for pellets ash composition. The total time 
for this exposure was 300 hours with 100 hours interval between each step. The extracted 
samples have after each step been macro documented before continuing the exposure. The ash 
pellets were changed after each step to keep the reactivity of the ash. These samples have 
never been water quenched either. A few samples have been moulded in the bakelite in the 
longitudinal direction without cutting to prevent the detaching of oxides that form during 
exposure. 

  



23 
 

Table 9 Chemical composition of the pellets ash taken from Lezan Rashid master thesis [4]. 

Elemen
t  

SiO
2 

Al2O
3 

CaO
2 

MgO
2 

Fe2O
3 

TiO2 Na2

O 
K2

O 
ZrO2 HfO2 BaO

2 
%Wt 19 1.9 Rest 6.3 1.3 2.9 0.45 10.

5 
<0.01 <0.0

1 
0.34 

Cr2O3 NiO
2 

Y2O3 P2O5 ZnO2 SrO2 HfO2 Mn
O2 

C Pb S Cl 

0.06 0.01 <0.0
1 

3.4 0.04 0.12 <0.1
2 

4.6 8.5 <0.00
5 

0.37 0.65 

 
 

 

Figure 10 Ash samples placed in the container with ash pellets. 

3.6 LOM and SEM preparation 
The extracted powder sprayed samples have been mounted in bakelite directly to avoid the 
deformation of the coated layer, while welded samples have been cut in two equal parts and 
afterward mounted in bakelite. A combination of black and green bakelite has been used. The 
mounted samples have been coarse grinded, fine grinded and polished from 9 micron to 1 
micron and finally polished with OPU. Polishing was performed automatically using a 
polishing machine except OPU polishing. 

For microstructure characterization the samples were etched by using different etchants 
depending on base material and coating layer. (Distilled water and Nitric acid) etchant was 
used for FeCrAl alloys, (Hydrochloric, Distilled water and Nitric acid) for austenite  
substrates. An etchant for carbon steel consists of (Nitric acid and Ethanol) was used for 
16Mo3 substrates. The etching was heated to 30°C and the samples was immersed in etching 
agent for 12-20 seconds.  
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For austenite substrates with ferrite coating layer and vice versa such as San 31 coated with 
198 and APMT coated with N80 a mix of 50%, 50 % of enchants were used. Before the 
immersion of the samples in the mixture samples were polished twice with OPU. The mixture 
was heated to 60 °C and the samples were mild etched with continuously characterization of 
microstructure to prevent over-etching. 

Light optical microscope (LOM) is a microscope that uses a visible light in arrangement with 
different optical lenses to obtain a magnified image. LOM analyses were performed by using 
Nikon microscopy model XN and Olympus microscope model AX70 to study the samples in 
different magnifications 2.5X, 5X, 10X, 20X and 100X. 
 
Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) is an 
analytical tool to study material surface. In SEM an electron beam scans across the samples 
surface. SEM produces images of conductive surfaces in vacuum by scanning a focused beam 
of electron. SEM measurements were performed in vacuum with an accelerating voltage of 
20, 00 kV and different magnifications and WD (working distance) of 8,5mm.  

EPMA is widely used to tool to analyse chemical composition of small volumes of solid 
materials. It works in similar way to a SEM, the sample is bombarded with an electron beam, 
emitting x-rays at wavelengths characteristic to the elements being analysed. A few EPMA 
measurements have been performed in Sandvik at Sandviken by using WDS analyses to study 
the carbon content in the samples. The carbon content has been studied by Anand Rajagopal.  

3.7 Hardness test 
Vickers hardness test was performed at Kanthal with the help of an employee of the company 
by making five indents in each sample for as welded and heat-treated samples. See figure 11. 
The weight that was used to make the pressure points was 10 kg. Hardness was calculated by 
using a software in the computer by drawing diagonals for each point and then the software 
calculates the hardness.  

 

  

 

As welded 9 weeks heat-treatment 

Figure 11 Position of pressure point for both as welded and heat-treated sample 

https://en.wikipedia.org/wiki/Scanning_electron_microscope
https://en.wikipedia.org/wiki/Electron_beam
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3.8 Simulation part 
The simulations were performed using Thermo Calc and DICTRA 2019b together with 
TCFE9 and the mobility database MOBFe4. Two different models have been applied 
“homogenization model and moving boundary” depending on the phase combinations of the 
samples. Homogenization model has been used for one phase problem. By creating one region 
for both coating layer and substrate material and adding the composition in an equation form 
to determine the interface position between them. Thermo Calc has been used to check which 
carbides can be formed during exposure and later adding them to the simulation as a spherical 
phase in the region. For the second part of the simulation of the two-phase problem the 
“Moving boundary model “has been applied but to make it possible to use this type of model 
an assumption has been made that all carbide and nitrides are dissolved in this case. 
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4 RESULTS 
During this project all exposures according to the method plan was performed, but after 
screening of the samples and because of limited time for this thesis project we decide to go 
further a prioritized set of samples for deeper investigation. The results below have been 
divided into different sections such as macro pictures, microstructure characterization, EDS 
measurements, EPMA measurements and hardness tests. 

4.1 16Mo3 as a reference 
The microstructure in the 16Mo3 rod without any coating and heattreatment is shown in 
figure 12 below. The microstructure consists of ferrite grains and perlite nodules. The perlite 
can be seen as a black region and the ferrite as white regions in image below. 

 

     
Figure 12 Microstructure of 16Mo3 without any coating before heat-treatment, a) 200 microns, b) 100 microns. 

4.2 16Mo3 HVAF coated with APMT 
The pictures in figure 13 below shows the change in appearance of the coated layer before 
and after heat treatment in longitudinal direction and cross section. 

b a 
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Figure 13 Macro picture of the same magnification for both a), b) as sprayed sample and c), d) heat-treated for 
9 weeks at 500°C 

4.2.1 Microstructure 
Figure 14 shows the microstructure of both substrate and the coated layer after polishing and  
before etching. Significant porosity in the coating layer for both samples as sprayed and heat-
treated samples. 

  

Figure 14 The coating layer appearance for both a) as sprayed sample and b) heat-treated for 9 weeks at 500°C 

a c 

d b 

b a 
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Figure 15 shows the microstructure of etched samples as sprayed 16Mo3 with APMT and 
heat-treated for 9 weeks at 500°C. The decarburization zone in the substrate close to the 
interface, and the width is up to maximum of about 200 microns in the heat-treated sample. 

  

Figure 15 Microstructure for both a) as sprayed and b) heat treated sample for 9 weeks at 500°C 

Figure 16 shows the microstructure of the interface region for the heat treated sample in 
different magnification, it is observed that the oxide was present at the interface even through 
no detaching of the coating layer was observed and in  this region the width of the 
decarburization zone is smaller indicating that there has been less carbon diffusion. 

                    

Figure 16 Microstructure of the interface region after heattreatment for 9 weeks at 500°C. Grey layer seen in 
the interface region is the observed oxide. 

  

 Details 
      

b a 
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4.2.2  EDS measurements 
Both figures 17 and 18 show the concentration profile for as sprayed 16Mo3 with APMT and 
heat-treated sample for 9 weeks at 500C. The figures display an obvious decrease of both Fe 
and Cr content in the coating layer. 

 

Figure 17 Concentration profile for as sprayed sample. 

 

 

 

Figure 18 Concentration profile for heat treated sample for 9 Weeks at 500°C 
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4.3 16Mo3 welded with alloy 192 
Figure19 shows the cross section for both as welded 16Mo3 with 192 and heat-treated sample 
for 9 weeks at 500°C 

            

Figure 19 Macro pictures for a) as welded sample and b) heat treated sample for 9 weeks at 500°C 

4.3.1  Microstructure 
The appearance of the interface between the coating layer and substrate for both as welded 
and heat-treated samples is shown in figure 20 below. A crack formation is observed at the 
interface for as welded sample in figure 20. 
 

           

Figure 20 welding layer appearance of both a) as welded and b) heat treated samples for 9 weeks at 500°C. 

 
 

 
 

  

b a 

a b 
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Two important things can be observed from the microstructure in figure 21 which are 
decarburization in the substrate and carburization band in the coating layer. 

  

  

Figure 21 Microstructure of the substrate and the coating layer for both a), b)  as welded and c),d) heat-treated 
sample for 9 weeks at 500°C 

A crack can be observed throughout the piece near to the welding joint in figure 22. 

                        

Figure 22 Crack formation for the heat-treated sample for 9 weeks at 500°C 
 

 
 

 Details 
     

a c 

b d 
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4.3.2  EDS measurements 
Figures 23 and 24 show the concentration profile for both as welded 16Mo3 with 192 and 
heat-treated sample for 9 weeks at 500°C. 

 

Figure 23 Concentration profile of as welded 16Mo3 with 192 

 

Figure 24 Concentration profile for the heat-treated sample 16Mo3 welded with 192 after 9 weeks at 500°C 
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4.3.3  EPMA measurements  
Figures 25 and 26 display EPMA measurements comparison for carbon concentration 
between as welded 16Mo3 with192 and heat-treated sample for 9 weeks at 500°C. A clear 
carbon content increase in the coating layer was observed in figure 26. 

                     

Figure 25 Carbon concentration profile for as welded 16Mo3 with 192. The orange vertical line indicates the 
position of the interface in the sample 

 

 

Figure 26 Carbon concentration profile for the heat-treated sample 16Mo3 welded with 192 for 9 weeks at 
500°C. The orange vertical line indicates the position of the interface in the sample 
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4.3.4  Simulation part 
Figure 27 display DICTRA simulation results as a concentration profile for both as welded 
16Mo3 with 192 and heat-treated sample for 9 weeks at 500°C. From figure 27b it was 
observed a carburization in the coating layer for the heat-treated sample. 

 

Figure 27 Show simulated carbon concentration profile for both as welded a) and heat treated for 9 weeks at 
500°C 

Approximate 500 microns a movement of cementite phase from the interface was observed in 
the heat-treated sample according to the simulations results. See figure 28. 

 

Figure 28 Cementite position a) before and b) after heat treatment for 9 weeks at 500°C 
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Two different carbides was formed according to the simulation which are M7C3 and M23C6. 
See figure 29. 

 

Figure 29 Show which carbides that are possible after heat treatment for 9 weeks at 500°C 
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4.4 16Mo3 sprayed with 197 
Figure 30 shows the diffrence between as sprayed and heat-treated samples for 9 weeks at 
500°C 

 

               

               

Figure 30 Macro pictures for 16Mo3 sprayed with 197 before a), b) and after c), d) heat treatment for 9 weeks at 
500°C 
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4.4.1  Microstructure 
The coating layer has been detached before the heat treatment as figure 31 shows and the 
same appearance of the coated layer was observed in the heat-treated sample. 

             

Figure 31 The appearance of interface a) before and b) after heat treatment for 9 weeks at 500°C 

Figure 32 shows the oxide formation at the interface in the heat-treated sample as an effect of 
coated layer detaching. 

               

Figure 32 The appearance of interface for both a) as sprayed and b) heat-treated sample for 9 weeks at 500°C 
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Less carbon diffusion is observed by analysing the microstructure change and a clear oxide 
that has been formed at ther interface as figure 33 shows.  

             

             

Figure 33 Microstructure in different magnification for both a), b) as sprayed and c), d) heat-treated sample for 
9 weeks at 500°C 
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4.4.2  EDS measurements 
Figures 34 and 35 show a comparison between as sprayed sample of 16Mo3 with 197 and a 
sample that has been heat-treated for 9 weeks at 500°C. Figure 35 show a decrease of Fe 
content in the substrate. 

 

Figure 34 Concentration profile for as sprayed sample. 

 

 

Figure 35 Concentration profile for heat treated sample for 9 Weeks at 500°C 
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4.5 16Mo3 welded with 197  
Figure 36 shows the cross section for both as welded 16Mo3 with 197 and heat-treated sample 
for 9 weeks at 500°C. 

              

Figure 36 Macro picture for both as welded a) and heat-treated sample b) for 9 weeks at 500°C 

4.5.1  Microstructure 
figure 37 shows the appearance of the inteface between the coating layer and substrate for 
both as welded sample and heat-treated sample. It was observed a darker zone close the 
interface in the coating layer in the heat-treated sample as sign of carbon diffusion. 

                         

                        

                        
Figure 37 Microstructure for both a), b), c) as welded and d), e), f) heat-treated sample for 9 weeks at 500°C 

a b 

a d 

b e 

c f 



41 
 

4.5.2  EDS measurements 
Both figures 38 and 39 shows the results from EDS measurement of the composition. No 
change in the concentration profile can be observed from EDS results. 

 

Figure 38 Concentration profile for as welded 16Mo3 with 197 
 

 

Figure 39 Concentration profile for 16Mo3 welded with 197 heat-treated for 9 weeks at 500°C 
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4.5.3  EPMA measurements 
Figures 40 and 41 show EPMA measurements for both as welded 16Mo3 with197 and heat 
treated sample that can be observe a very high carburization in the coated layer close to the 
interface, but at the same time it is worth to mention that the carbon content in the coating 
layer far away from the interface is still high compared to the nominal composition in both 
samples. 

 

Figure 40 Carbon concentration profile for as welded 16Mo3 with 197. Orange vertical line indicates position 
of the interface between substrate and coating 

 

Figure 41 Carbon concentration profile for heat-treated 16Mo3 welded with 197 for 9 weeks at 500°C. Orange 
vertical line indicates position of the interface between substrate and coating 
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4.5.4  Simulation part 
the heat-treated 16Mo3 welded with 197 shows as well a very high carburization at the 
interface as figure 42 shows 

 

Figure 42 Carbon concentration profile for both as welded 16Mo3 with 197 and heat treated for 9 weeks at 
500°C 

figure 43 shows very similar results to the previous simulation of 192 combination in the 
movement of cementite phase in the substrate which is about 500 microns.   

 

Figure 43 Cementite movement for heat-treated 16Mo3 welded with 197 for 9 weeks at 500°C, a) As welded, b) 
Heat-treated 
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M23C6, M7C3 and M3C2 are these possible carbides that can be formed at the interface as an 
effect of carburization which can be observed from figure 44. 

 

Figure 44 Carbides formation in heat-treated 16Mo3 welded with 197 for 9 weeks at 500C 
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4.5.5  Hardness test 
Hardness test in figure 45 results do not show a big difference in hardness between the as 
welded sample and the heat treated sample as figure 45 shows, but an clear diffenence for 
point one and three. Point one shows an increase of hardness in the coating layer for heat-
treated sample and point three which is very close to the interface in substrate shows a great 
decrease of hardness for heat-treated sample. 
 

                      

Figure 45 Hardness measurements for both as welded 16Mo3 with 197 and heat-treated sample for 9 weeks at 
500°C. yellow vertical line indicates position of the interface between substrate and coating 
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4.6 APMT sprayed with N80  
Figure 46 shows macro pictures for both as sprayed and isothermal heat-treated sample for 
1500 hours at 1200°C. 

   

  

Figure 46 Macro pictures for both a), b) as sprayed APMT with N80 and c), d) isothermal heat-treated for 1500 
hours at 1200°C 

Figure 47 shows a cross section overview for both as sprayed and isothermal heat-treated 
sample. 

      

Figure 47 Overview of both a) as sprayed APMT with N80 and b) heat-treated sample for 9 weeks at 1200°C 

a c 

d b 
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4.6.1  Microstructure 
There is a big difference in appearance of the coating layer and substrate between as sprayed 
sample and heat-treated sample. It was observed that a lot of pores formed in the APMT rods 
under the coating during the thermal exposure as shown in figure 48. 

       
Figure 48 Coating layer and interface appearance of both as sprayed APMT with N80 and isothermal heat-

treated for 1500 hours at 1200°C 

Precipitation of aluminium nitrides was observed in the coating layer from the microstructure 
in the isothermal heat-treated sample from figure 49.  

   

   

Figure 49 Microstructure of both a), b) as sprayed and c), d) isothermal heat-treated samples for 1500 hours at 
1200°C 
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4.6.2  EDS measurements 
From figure 50 and 51 the concentration profile for as sprayed APMT with N80 and 
isotheraml heat treated samples is compared to each other. The main point from these figures 
is the Ni, Fe and Al diffusion. All these elements have leveled off efter 1500 hours of 
exposure. Even a slight reduction of Cr content in the coated layer 

                  

Figure 50  Concentration profile for as sprayed APMT with N80 

 

Figure 51 Concentration profile for heat-treated APMT with N80 for 1500 hours at 1200°C 
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4.7 APMT sprayed with N80 cycling exposure between 25–
1200°C 

Figure 52 shows Macro pictures for both as sprayed and sample exposed to thermal cycling 
for 1080 hours at 1200°C. It was observed that the coating layer was detached after 1080 
hours heat treatment. 

             

             

Figure 52 Macro pictures for both a), b) as sprayed APMT with N80 and c), d) cycling heat-treated for 1080 at 
1200°C 
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4.7.1  Microstructure 
Formation of large amount of pores in the APMT rod could be observed and the coating layer 
has been detached. It can also be observed that the coated layer starts to oxidize from figure 
53. 

              

Figure 53 Coating layer and interface appearance of both a) as sprayed APMT with N80 and b) cycling heat-
treated for 1080 hours at 1200°C 

In figure 54 the difference between isothermal exposure and cycling exposure is shown. 
Significant differences can be observed from figure 54 below. The first one is the porosity 
amount, the second one is the coating layer appearance after different heattreament 
conditions. The coating layer in figure 54a has been consumed more compared to the cycling 
exposed sample in figure 54b.  

             

Figure 54 Coating layer and interface appearance of both a) isothermal heat-treated at 1200°C for 1500   hours 
and b) cycling heat-treated between 25-1200°C for 1080 hours. 
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Table 10 is an EDS analyse for selected point to evaluate the type of oxides and nitrides in 
cycling heat-treated sample for 1080 hours. 

Table 10 EDS point analyse of selected points in the picture below 

Point N O Al Si Cr Fe Ni Total 
1 35.43   62.3   0.57 1.70   100.0 
2 37.64   59.0   0.82 1.66   100.0 
3   11.1 2.83 2.47 16.9 30.77 35.9 100.0 
4   50.6 47.7 0.42 0.57 0.72   100.0  
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4.8 San31 welded with 198  
Macro pictures showing  the cross sections for both as welded condition and after 
heattreatment for 9 weeks at 1000°C can be seen in figure 55. 

                        

Figure 55 Macro picture for both a) as welded san 31 with 198 and b) heat-treated for 9 weeks at 1000°C 

4.8.1  Microstructure 
Figure 56 shows significant difference between the as welded microstructure and the heat-
treated sample. The starting microstructure is a dendritic microstructure while the heat-treated 
sample has a microstructure with visible grain where some grain growth can be observed as 
well from figure 56. 

   

Figure 56 Microstructure for both a) as welded san 31 with 198 and b) heat-treated for 9 weeks at 1000°C 

  

a b 

a b 



53 
 

4.8.2  EDS measurements 
By comparing figures 57 and 58 no big change in the concentration profile can be observed 
for both the as welded sample and the heat-treated sample, but it is worth to mention the high 
mixing of alloying element such as Ni and Al due to the effect of welding process. That gives 
very high Ni content and low Al content in the coating layer for as welded sample compared 
to the nominal composition. 

 

Figure 57 Concentration profile for as welded san 31 with 198 

 

Figure 58 Concentration profile for heat-treated san 31 welded with 198 for 9 weeks at 1000°C 
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Figure 59 show the results from DICTRA for both as welded and heat-treated sample. A 
decrease of Fe content in the substrate after heat treatment and Ni diffusion from the coating 
layer to the substrate can be observed from this figure. 

 

Figure 59 Concentration profile for both a) as welded san31 with 198 and b) heat-treated for 9 weeks at 1000°C 
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5  DISCUSSION  

5.1 16Mo3 sprayed & welded with APMT&192 
• According to the macro pictures in figures 13 and 19 a thin oxide layer was formed on 

the coating layer for both welded and sprayed samples.  
• The welded samples in figure 20 have less or no impurities such as blasting agents and 

oxides at the interface compared to the sprayed samples in figure 15. The impurities 
are coming from the pre-treatment of the sprayed samples. In figure 18 an obvious 
crack in as welded sample can be observed. The crack is formed due to the shrinkage. 

• Microstructure of sprayed samples shows a high porosity in the coating layer which it 
makes it possible for oxygen to diffuse through porosity in the coating layer for 
sprayed samples and reach the substrate and start to form an oxide at the interface 
between the coating layer and substrate as figure 16 displays. This conclusion can be 
confirmed as a decrease of Fe and Cr content from figure 18. The formed oxide has a 
benefit to prevent carbon diffusion which it can be seen in figure 16. 
 
Microstructures in figures 15 and 21 show an obvious carbon diffusion from the 
substrate to the coating layer during the exposure for both welded and sprayed 
samples. This may affect the reforming of the protective oxide layer due to the 
possibility of chromium carbide forming because of carbon diffusion to the coating 
layer. The carbon diffusion can be observed as perlite free zone close to the interface 
because the perlite phase structure is rich in carbon. 
 
The decarburization zone is measured up to about 200 microns after 9 weeks heat 
treatment for sprayed sample in figure 15. The decarburization zone for welded 
sample can differ due to the higher carbon diffusion. The decarburization of substrate 
has may have an effect on the mechanical property such as strength of the 16Mo3 and 
these applications require a very high strength for these pipes to manage the high 
steam pressure flow inside them. 

• EPMA results confirm the carburization that was observed in the microstructure, but it 
is impossible to find a link between the decarburized zone that have been observed by 
microstructure characterization and the EPMA measurements. EPMA measurements 
in figure 26 show a wider carburized zone compared to the microstructure in figure 20. 

• DICTRA simulation gives same results in terms of carburization of the layer, but it 
was not possible to find an obvious link between simulation results and experimental 
data, when it comes to the size of the carburized and decarburized zone. 

• It is noteworthy to note the crack formation for the heat-treated sample 16Mo3 welded 
with 192 as figure 22 shows. The reason behind this is still unclear, but a reasonable 
explanation for crack is quenching of the samples after heat-treatment. 
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5.2 16Mo3 sprayed and welded with 197 
• Both samples welded and sprayed has managed to form a protective oxide layer. 
• The coating layer of the sprayed samples detached and that because of the geometry 

limitations of this method. HVAF and HVOF methods according to University West 
and to the literature study it is difficult or impossible to apply on small cylindrical 
geometry because of the powder dispersion when it hits the rod and the second reason 
is the rod’s diameter is very small and it warms up very fast and expand, and when the 
rods start to cool down, rods get same shrinkage which cause the detaching of the 
coating layer. 

• Less carbon diffusion in the heat-treated sprayed sample because of oxide formation at 
the interface which prevent or decrease the carbon diffusion which can be observed 
from figure 33. The oxide formation cause decrease of Fe content in the coating layer 
as figure 35 shows. 

• EPMA measurements of welded samples in figure 41 show very a close value of 
carbon content at the interface compared to the simulation results, but the accuracy of 
measurements is still very low due to the high carbon content in the substrate close to 
the interface which does not match with microstructure characterization in figure 37 
and the carbon content in the coating layer in as welded sample in figure 18 neither is 
true compared to the nominal composition.  

• The hardness test in figure 45 shows a clear hardness increase in the coating layer and 
a decrease in hardness at the interface as an effect of carbon diffusion specially point 1 
and 3. 

5.3 APMT sprayed with N80 isothermal and cycling 
exposure 

• Isothermal heat-treated sample gets high porosity in the substrate as figure 48 displays 
and that can be a reason of Ni, Al and Fe diffusion as it can be observed from figure 
51. Figure 51 shows that Ni and Fe have levelled out after heat treatment. 

• Microstructure characterization in figure shows very clear change between as sprayed 
and isothermal heat-treated samples. The heat-treated sample displays a lot of nitrides 
and oxides that have been formed at the interface and in the coating layer. Grain 
growth can be observed as well. 

• Cycling heat treated sample shows higher porosity compared to the isothermal sample 
and the reason behind this phenomenon is still unclear. Porosity forms as an effect of 
Al diffusion from the rod to the coating layer due to the high Ni content in the coating 
layer as figure 51 shows. Kirkendal Porosity phenomena explains the reason for the 
porosity formation in the heat-treated samples. The pores have grown together which 
cause the detaching of the coating layer as figure 54 shows. Pores have grown faster in 
the cycling heated-treated sample due to the shrinkage and expanding of sample 
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during the exposure 
More nitrides and oxides have been formed at the interface and inside the rod as a 
secondary effect of detaching of the coating layer. 

• The coating layer in isothermal heated samples has been consumed faster than the 
cycling exposed sample because of the detaching of the coating layer for cycling 
exposed sample which cause less diffusion of elements during the exposure as figure 
54 shows.  

5.4 San31 welded with 198 
• The heat-treated sample has corroded after heattreatment at 1000°C for 9 weeks as it 

can be observed from figure 55 and the reason behind it the high Ni and low Al 
content in the coating layer for as welded sample as figure 57 displays. Ni prevent the 
forming of the protective aluminium oxide layer specially in the alloys with low 
aluminium content such as 198. The high alloying element mixing such as Ni content 
in the coating layer can be observed from figure 57. 

• A clear change in the microstructure between as welded and heat-treated sample in 
figure 56. The as welded sample has a dendritic microstructure as an effect of 
segregation and after heat treatment the microstructure changed to grain 
microstructure and a grain growth can be observed as well. 
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6 CONCLUSIONS 
• An obvious carburization of16Mo3 combinations according to the microstructure 

characterization, using EPMA measurements was observed. This was in line with the 
DICTRA simulations. 

• Overall microstructure change have been observed in the different samples, but it is 
difficult to find an obvious link to the simulation results such as 
decarburization/carburization zone thickness and the carbon content. 

• For some samples coated with HVAF oxide formation can be observed in the interface 
between coating and substrate. It can be observed that this oxide formation seems to 
prevent or decrease the interdiffusion of elements such as carbon. 

• APMT sprayed with N80 showed very high porosity after heat treatment and the 
reason behind it can be the high Fe and Ni diffusion at this high temperature (1200°C) 

• Thicker layers for sprayed samples are required to extend the lifetime in application in 
some cases especially at high temperatures. 

• Welded samples have less impurities at the interface such as oxides and blasting 
agents. 

• High nickel diffusion or high dilution during welding when applying new FeCrAl-
alloys with lower content of Cr and Al such as 198 is one of the reasons that can 
prevent formation of protective Al2O3 layer in optimal way. 

• It is difficult or impossible to get the benefit of HVAF for a small cylindrical 
geometry. 

• More elaborated calculations for two-phase problems like in Sanicro31 welded with 
198 to model the interdiffusion in a good way. 

• It was found that the EPMA measurements for carbon content in low carbon steel were 
of low accuracy. 
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7 RECOMMENDATIONS AND FUTURE WORK 
• Apply HVAF spraying on other geometries and study if the coated layers show similar 

behaviour  
• Do more hardness tests and calculate the mean value of them to check the carbon 

diffusion results. 
• Continue studying of the remainder samples such as Ash exposure and other 

isothermal heat treated samples. 
• Continue studying the samples of 16Mo3 combinations for intermediate times to 

investigate the growth of the decarburization zone. 
• Continue studying the samples of APMT sprayed with N80 for intermediate times as 

well to study the formation and growth of the porosity in the sample.  
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APPENDIX A: Simulation Macro  
@@ 16mo3 welded with 197- 500 C 
 
go da 

def-sys fe cr al c si mo 
rej ph*all 
res ph bcc m23c6  LAVES_PHASE_C14 cem m7c3 m3c2 
get 
 
app mobfe4 
def-sys fe cr al c mo si 
rej ph*all 
res ph bcc m23c6 LAVES_PHASE_C14 cem  m7c3 m3c2 
get 
go d-m 
 
set-cond global T 0 773; * N 
 
enter-region fer 

enter-grid 
FER 
8.5e-3 
auto 

ent-ph 
ACTIVE 
FER 
MATRIX 
bcc 

enter-composition 
FER 
BCC_A2 
FE 
w-p  
al func 1.8505-1.8495*ERF(100000*(x-3e-3)); 
c func 0.0965+0.0735*ERF(100000*(x-3e-3)); 
cr func 6.29-6.11*ERF(100000*(x-3e-3)); 
mo func 0.1605+0.1595*ERF(100000*(x-3e-3)); 
si func 0.775-0.475*ERF(100000*(x-3e-3)); 
 
ent-ph  
act 
fer 
sph  
m23c6 
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ent-ph  
act 
fer 
sph  
LAVES_PHASE_C14  
 
ent-ph  
act 
fer 
sph  
cem  
 
ent-ph 
act  
fer  
sph  
m7c3 
 
ent-ph 
act  
fer  
sph  
m3c2 
 
ent-comp  
fer 
m3c2 
y 
 
ent-comp  
fer 
m23c6 
y 
 
ent-comp  
fer 
LAVES_PHASE_C14 
Y 
 
ent-comp 
fer 
cem 
y 
 
ent-comp  
fer 
m7c3 
y 
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set-sim-cond 
0 
1 
2 
NO 
ACTIVITIES 
YES 
YES 
.5 
2 
NO 
YES 
NO 
 
set-sim-time 
157680000 
YES 
15768 
1E-07 
1E-07 
ho y y 
 
sim 
 
post 
s-d-a x distance glob 
s-d-a y w-p c 
s-p-c time last 
plot 
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APPENDIX B: Welding protocol for san 31 welded 
with FeCrAl-alloys 

SVETSPROTOKOLL / WELDING PROTOCOL 

 

Svetsare 
Welder 

Christopher Datum
Date 

2019-04-15 Internt arbets nr. 

Internal work No. 

W19030 Projekt nr. 

Project No. 

 

Typ av test 
Type of test  

Tube 
cladding 

Order 
No. 

 Svetsmetod 
Welding method 

MAG Kund  

Customer 

Kanthal 

 

Svetsmetod/Welding method      

Märkning – Marking L192 L197 L198   

Sträng nr. - Bead No. 1-14 1-14 1-14   

Lager – Layer 1 1 1   

Grundmaterial/Base material      

Standard  SAN31HT SAN31HT SAN31HT   

Charge nr. - Heat No. - -    

Dimension [mm] 675x60x5 675x60x5 675x60x5   

Tillsatsmaterial/Consumable      

Standard L192 L197 L198   

Charge nr. - Heat No. 138780 142047 142136   

Arbetsorder nr. - Lot No. 99315 99321 99324   

Dimension [mm] Ø -  1,2 1,2 1,2   

Flux typ & höjd – Flux type & height [mm] Ej tillämp. Ej tillämp. Ej tillämp.   

Arbetsorder nr. - Lot number -:- -:- -:-   

Bandförbrukning - Strip consumed [mm/min] -:- -:- -:-   

Svetsparametrar/Welding parameters      

Ström - Current [A] 192 - 200 185 - 201 193 - 205   

Spänning - Voltage [V] 21,3 – 22,2 24,2 – 25,4 22,6 – 25,9   

Svetshastighet - Travel speed [mm/min] 409 - 560  450 - 520 435 - 565   

Värmetillförsel - Heat input [kJ/mm] 0,45 – 0,63 0,67 – 0,75 0,58 – 0,72   
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Total bågtid - Total arc time [s] 14,5 – 22,8 15,9 – 21,4 14,2 – 18,9   

Arbetstemperatur - Working temp. [°C] <100 <100 <100   

Mellansträngstemperatur -  
Interpass temp. [°C] 

<100 - 200 <100 - 200 <100 - 200   

Skyddsgas & flöde -  
Shielding gas & flow [l/min] 

98% 
Ar+2%O2 

98% 
Ar+2%O2 

98% 
Ar+2%O2 

  

Rotgas & flöde - Root gas & flow [l/min] - - -   

Trådmatningshastighet – 

Wire feed speed [mm/min] el [m/min] 

     

Övrigt / Other: (T.ex / e.g)  

- Puls svets data - Pulsed welding data Fronius PMC universal synergi 

- Magnetstyrning; ström påNord o Syd pol - 

Ritning på fog och strängar/ 

Schetch of groove and beads 
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APPENDIX C: Welding protocol for 347 welded with 
FeCrAl-alloys 

SVETSPROTOKOLL / WELDING PROTOCOL 
 

Svetsare 
Welder 

Christopher Datum
Date 

2019-04-15 Internt arbets nr. 

Internal work No. 

W19030 Projekt nr. 

Project No. 

 

Typ av test 
Type of test  

Tube 
cladding 

Order 
No. 

 Svetsmetod 
Welding method 

MAG Kund  

Customer 

Kanthal 

 

Svetsmetod/Welding method      

Märkning – Marking L192 L197 L198   

Sträng nr. - Bead No. 1-14 1-14 1-14   

Lager – Layer 1 1 1   

Grundmaterial/Base material      

Standard  ASTM 347 ASTM 347    

Charge nr. - Heat No. - -    

Dimension [mm] 620x88x8 620x88x8 620x88x8   

Tillsatsmaterial/Consumable      

Standard L192 L197 L198   

Charge nr. - Heat No. 138780 142047 142136   

Arbetsorder nr. - Lot No. 99315 99321 99324   

Dimension [mm] Ø -  1,2 1,2 1,2   

Flux typ & höjd – Flux type & height [mm] Ej tillämp. Ej tillämp. Ej tillämp.   

Arbetsorder nr. - Lot number -:- -:- -:-   

Bandförbrukning - Strip consumed [mm/min] -:- -:- -:-   

Svetsparametrar/Welding parameters      

Ström - Current [A] 191 - 205 197 - 207 195 - 207   

Spänning - Voltage [V] 24,9 - 27 21,7 – 25,2 24,2 – 26,3   

Svetshastighet - Travel speed [mm/min] 400 - 500 420 - 510 395 - 517   

Värmetillförsel - Heat input [kJ/mm] 0,63 – 0,73 0,53 – 0,66 0,61 – 0,76   
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Total bågtid - Total arc time [s] 19.0 – 24,6 21,2 – 25,5 19,2 – 23,0   

Arbetstemperatur - Working temp. [°C] <200 <200 <200   

Mellansträngstemperatur -  
Interpass temp. [°C] 

<100 - 250 <100 - 250 <100 - 250   

Skyddsgas & flöde -  
Shielding gas & flow [l/min] 

98% 
Ar+2%O2 

98% 
Ar+2%O2 

98% 
Ar+2%O2 

  

Rotgas & flöde - Root gas & flow [l/min] - - -   

Trådmatningshastighet – 

Wire feed speed [mm/min] el [m/min] 

8,4 – 8,6 8,5 – 8,6 8,4 – 8,5   

Övrigt / Other: (T.ex / e.g)  

- Puls svets data - Pulsed welding data Fronius PMC universal synergi 

- Magnetstyrning; ström påNord o Syd pol - 

Ritning på fog och strängar/ 

Schetch of groove and beads 
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APPENDIX D: Setting and reflections from the 
welder 

Svetsning av L192, L197 och L198 
In-data för svetsmaskinen: 

MIG/MAG 

216 A, 19,6 V, Trådmatning: 8,6 m/min, båglängdskorr: 5,0, matrltjockl: 4,3 mm. 

PMC (Pulse Multi Control) by Fronius. 

 

Reflektioner/kommentarer: 

Upplevd bättre flytbarhet vid inblandning av 2 % O2 i skyddsgasen. Dock har bättre strängprofil och 
utseende uppnåtts vid tidigare svetsning av t.ex. L192 och då med 100 % Ar. Mängden sprut var vid det 
tillfället avsevärt mindre och ytan på strängarna slätare. Dessa små skillnader visuellt saknar oftast 
betydelse för skiktets egenskaper så länge man har bra bindning, men det är alltid trevligt att kunna 
undvika ”loppor” som behöver slipas bort.  

L197 upplevs ”tacksammast” vid svetsningen men det är svårt att specifikt peka på skillnaderna i 
svetsbarhet mellan de tre olika tillsatsmaterialen. 

Mera tid skulle behöva läggas på optimering av parametrar då svetsmaskinen har en mängd olika 
inställningar och synergier. Vid svetsning av exempelvis SAF2507 eller andra duplexa stålsorter, så finns en 
korrekt synergilinje för just dessa färdig i maskinen. Att enbart svetsa traditionell kortbåge fungerar dåligt 
då strängarna blir för höga och med för mycket sprut. Därför är en pulsad metod att föredra.  

Förvärmning var troligen inte nödvändigt då det endast svetsades ett skikt hela tiden och blir troligen 
mera viktigt på ett lager nr.2 då vi får en helt annan uppblandning. Frågor ang. det hänvisar jag till Zhiliang 
Zhou. Inga sprickor noterades under påsvetsningen. 

Dessa material är alltid intressanta utmaningar och ser fram emot vidare utvecklingsuppdrag framöver vid 
behov.  

I labbet finns nu alla tre materialtyperna på 15 kg spole i Sandviken.  

 

/ Christopher 
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