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Abstract 

In this master thesis different overlay welding methods suitable for boiler application has been 

investigated. The purpose of this project is to define advantages and disadvantages for each overlay 

welding methods and suggest some evaluation criteria on some commercial and experimental alloys 

aimed for overlay welding material.  

Many components in a boiler are made of low alloy steel and the atmosphere in the furnace region can be 

very complex; therefore many different types of corrosion can occur. Weld overlay is a process where one 

or multiple layers of corrosion resistant material are applied to a base material.  

The two overlay welding methods investigated in this study were Tungsten Inert Gas welding and Metal 

Inert/Active Gas welding. Tests were performed with FeCrAl alloys (Kanthal A, Kanthal D and some 

experimental alloys). FeCrAl alloys in general are ferritic iron-based steels with a typical concentration of 

20-23 wt. % chromium and ~5 wt.% aluminum.  

Different overlay welding evaluation was made; visual examination, dye penetrant inspection, 

macro/micro examination, side bend test and short term corrosion test (~50hours).  

Conclusion of this thesis is that MIG welding is a more productive method than TIG, but more defects 

such cracks and lack of fusion can be produced for MIG welding. These defects can be “fixed” if welding 

parameters is optimized. If repairing a certain place TIG welding is a better option. A conclusion about 

number of layers; one layer with MIG welding is almost as thick as three layers with TIG welding with 

welding wire Ø 1mm.  

Three welding evaluation that is really important is visual examination, dye penetrant testing and 

corrosion test in order to choose which overlay welding method is suitable in boiler application.  

Keywords: Overlay welding, FeCrAl, TIG, MIG, welding evaluation. 
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Sammanfattning 

I detta examensarbete har olika påsvetsningsmetoder som är lämpliga för en pannapplikation undersökts. 

Syftet med denna studie var att undersöka både för- och nackdelar med påsvetsningsmetoderna och 

föreslå några utvärderingskriterier på vissa kommersiella och experimentella legeringar som lämpar sig 

för påsvetsningsmaterial.  

Många komponenter i en panna är tillverkade av låg legerat stål och miljön där förbränningen sker kan 

vara väldigt komplex, därför kan det ske korrosion. Påsvetsning är en process där ett eller flera skikt av 

ett mer korrosionsbeständigt material appliceras på ett basmaterial.  

De två olika svetsmetoderna som undersöktes i denna studie var TIG-svetsning och MIG-svetsning. 

Testerna utfördes med FeCrAl legeringar (Kanthal A, Kanthal D och vissa experimentella legeringar). 

FeCrAl legeringar är i allmänhet ferritiska järnbaserade stål med 20-23% krom och ~5% aluminium.  

De utvärderingsmetoderna som undersöktes var: visuell undersökning, penetrantprovning, makro/ 

mikroundersökning, sidobockprovning och korttidskorrosionstest (~50 timmar).  

Slutsatsen av detta examensarbete är att MIG-svetsning är en mer produktiv metod än TIG, men fler 

defekter såsom bindfel och sprickor uppkom för MIG-svetsning. Dessa defekter kan ”fixas” genom 

optimering av svetsparametrar. Om man bara ska reparera ett specifikt område är TIG-svetsning ett bättre 

alternativ. En slutsats om antal lager är att ett lager med MIG-svetsning är nästan lika tjockt som tre lager 

med TIG-svetsning med Ø 1mm svetstråd.  

Tre svetsutvärderingar som är viktiga är visuell undersökning, penetrantprovning och korrosionstest för 

att välja vilken påsvetsmetod som är lämpligast i pannapplikation. 

Nyckelord: Påsvetsning, FeCrAl, TIG, MIG, svetsutvärdering. 
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Preface 

NOTATIONS 

I One layer 

II Two layers 

III Three layers 

ABBREVIATIONS 

BFB Bubbling Fluidized Bed 

CFB Circulating Fluidized Bed 

CRA Corrosion Resistant Alloy 

TIG Tungsten Inert Gas 

MIG Metal Inert Gas 

MAG Metal Active Gas 

SAW Submerged Arc Welding 

ESW Electroslag Welding 

LOM Light Optical Microscopy 

SEM Scanning Electron Microscopy 

EDX Energy Dispersive X-ray Spectroscopy 

BSE Back Scattered Electrons 
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1 INTRODUCTION 

1.1 Sandvik 
Sandvik AB is a global company founded in 1862 by Göran Fredrik Göransson in Sandviken, Sweden. It 

is a high-technology engineering group with advanced products and a world-leading position in selected 
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areas [1]. Sandvik is divided into four business areas; Sandvik Machining Solutions, Sandvik Materials 

Technology, Sandvik Venture and Sandvik Mining and Rock Technology [2]. Today Sandvik is 

represented in 130 countries and has about 50,000 employees of whom 10,760 work in Sweden [3]. 

1.2 Sandvik Materials Technology 
Sandvik Materials Technology (SMT) is world-leading manufacturer of high value-added products made 

from advanced stainless steel and special alloys for demanding industries. The customers are mostly in 

oil/gas industry, chemical and power industry, aerospace and electronics [4].  

There are three product areas in SMT: Tube, Primary Products as well as Strip, 

Wire and Heating Technology. SMT controls the whole production process from 

steel melt to finished product such as strip and wire. The advanced strip and wire 

products are used for the manufacturing razor blades and cutting heads for electric 

shavers, surgical/other medical applications, electric heating elements, springs and 

welding material [3]. Wire used for welding material, see Figure 1, has different 

applications, one application is overlay welding. 

1.3 Background 
Weld overlay (also known as cladding, hardfacing, weld cladding, or weld overlay cladding) is a process 

where one or multiple layers of corrosion resistant material are applied to a base material. Corrosion 

resistant weld overlays are often used to improve the service life of components made with an otherwise 

corrosion-prone material such as carbon or low alloy steel [5].  

Weld overlay is widely used in the electric power generation industries such as power plants. Furnace 

wall area in a boiler is subjected to high corrosion risk [6]. The wall is formed by several tubes welded 

together, separated by fins, see Figure 2. 

 

Figure 2. Furnace wall tubes welded together before being installed in the boiler [6]. 

It is important to have material used for components to be corrosive resistant to meet the requirement of 

process industries. Within the project KME 508 [6] it was shown that FeCrAl (iron (Fe), chromium (Cr) 

and aluminum (Al)) alloys had very low corrosion rates at boiler wall temperatures (~400°C). FeCrAl 

alloys in general are ferritic iron-based steels with a typical concentration of 20-23 wt. % chromium, ~5 

wt. % aluminum and sometimes small amounts of reactive elements. FeCrAl alloys are usually used at 

Figure 1. Wire for welding [1] 
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very high temperatures (900-1300°C) in applications such as heating elements in industrial furnaces. One 

advantage of these alloys is the forming of a protective α-Al2O3 film when the material is exposed to 

higher temperatures [7]. In the earlier mentioned application, power generation boilers, the temperature is 

lower. 

The motivation for performing this project work is to find a method for applying coatings or overlay 

welds and evaluate its properties. The overlay welding material must fulfill a number of criteria, such as 

weldability, machinability, appropriate mechanical properties and corrosion resistance in order to be used 

in boilers. 

1.4 Purpose of the project 
The purpose of this project is to review different suitable methods for overlay welding in boiler 

applications. The purpose is also to define advantages and disadvantages for each overlay welding 

methods and later form welding evaluation criteria for each overlay welding application. 

The second part of the study is an experimental part, performing a welding experiment of selected overlay 

welding method and test the evaluation method. 

1.5 The objectives of this study 

 Make a literature review on suitable methods for overlay welding in boiler applications. 

 Define advantages and disadvantages of each overlay method. 

 Perform welding experiments of one or two of the selected methods. 

 Suggest and test suitable overlay welding evaluation criteria on some commercial and/or 

experimental alloys aimed for overlay welding material. 

1.6 Delimitations of the study 

 The environment and temperature data will be focused on one kind of a boiler. 

 In the experimental part only TIG and MIG will be performed as a welding experiment. 

 Other components than furnace wall and superheater in the boiler will not be included. 

 Only a short-term corrosion test (~50 hours) will be presented in this thesis. 

2 THEORETICAL BACKGROUND 

In recent years, the environmental impact of power production has been the focus of intense debate, 

especially global warming due to emissions of greenhouse gases such as CO2 [5]. One way to reduce 

greenhouse gas emissions is to use biomass for energy production.  
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The combustion of biomass and waste wood (also known as used wood or recycled wood) has been 

increasing in the last few decades in Sweden (and Europe) because it is a renewable energy source [8], 

[9]. Waste wood consists of construction and demolition waste [6]. Waste wood often contains traces of 

paint or plastics which give rise to increased amounts of chlorine (Cl), sulfur (S), alkali metals 

(potassium, sodium and calcium) and heavy metals such as zinc (Zn) and lead (Pb) in the fuel [6].  

In the furnace region where combustion occurs, the atmosphere can be very complex; therefore many 

different types of corrosion can occur in several components in a boiler [9]. The furnace walls are 

exposed to high temperature with corrosive combustion as gases and deposits. 

Many components in a boiler are made of low alloy steel and are not resistant to high temperature and 

corrode very rapidly when burning waste in a low NOx environment (i.e. an environment with low 

oxygen levels to limit the formation of NOx) [8].  

2.1 Boiler 
Boilers can be categorized by their combustion process, by their 

application or by their type of steam/water circulation. In general 

all boilers produce steam or hot water by burning fuel. 

It can been seen in Figure 3 that a boiler consists of many 

components such as furnace, economizer, superheater tubes, 

main steam pipe and feed water heater tubes [5]. 

In a boiler a hot flue gas is produced by combustion of several 

fuels, such as wood, coal, oil or natural gas. Using heat 

exchangers the hot flue pre-heats the cold water (that is being fed 

into the boiler) into steam [10].  The water goes inside thin tubes 

and the gas flows across the tubes. 

2.2 Different kinds of boilers 

2.2.1 Grate Fired boiler 

This boiler is one of the oldest and most commonly used boiler in which solid fuels are fired on a grate 

[11]. The grate is at the bottom of the combustion chamber and has two main functions: the lengthwise 

transport of the fuel, and the distribution of the primary air entering from beneath the grate. The 

combustion air is led through the holes in the grate [12]. The grid can tilt or rotate and the fuel can be 

moved during the combustion allowing new fuel to be continuously supplied. The grate fired boilers have 

a quite corrosive environment and low efficiency [11].  

2.2.2 Bubbling Fluidized Bed (BFB) and Circulating Fluidized Bed (CFB) boiler 

Figure 3. Circulating Fluidized Bed (CFB) boiler 

consists of many components such as furnace and 

superheater [40]. 
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These boilers are used for both electricity and heating generation in Sweden. Both fluid bed techniques 

take place in the lower part of the boiler. The biomass fuel is burned within a 

hot bed of coarse sand. Bed and fuel particles are surrounded by hot gas [11]. 

Fluidized bed combustion allows a 

range of fuels with wide variation in 

heating value and fuel type [13]. 

Figure 4 shows a view of the typical 

combustion of BFB boilers. For BFB 

the speed of the gas is so low that the 

sand remains in the bed, however for 

CFB the gas has a higher speed, which 

makes the sand circulate more, see 

Figure 5. 

The most common fuel in these types of boiler is biomass fuel, which contains relatively high amounts of 

sulfur (S) and waste which contains chlorine (Cl), zinc (Z) and lead (Pb). These elements are released to 

the flue gas during combustion and deposited inside the boiler and this leads to corrosion attack inside the 

boiler [14]. 

One critical part in BFB boiler is the superheater. There is a superheater in the sand seal with approximate 

temperature of 500 °C. Another critical part in BFB is the furnace walls, predominantly made of carbon 

steel, where the sand has a certain movement which may cause abrasion [11]. 

2.2.3 Pulverized Coal Bed boiler 

Pulverized fuel is one of the most common methods for coal fuel. It is not common in Sweden, but 

dominating elsewhere. The operating temperature in this boiler is around 650-700°C. If the boiler 

contains a lot of sulfur the corrosion performance can be improved by chlorine addition [11]. 

2.2.4 Black Liquor Recovery boiler 

Recovery boiler is used in the paper industry process where chemicals for white liquor are recovered and 

reformed from black liquor, which contains lignin from previously processed wood. Problematic parts in 

the water wall are the air ports and smelt spouts. The temperature in the superheater is around 500°C [11]. 

Figure 5. BFB boiler [13] 
Figure 4. CFB boiler [39] 
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2.3 What is the problem? 

As mentioned before there are many components in a boiler, see Figure 6, but two parts of the boiler 

which is subjected to a high corrosion risk are the furnace wall and the superheater [8]. 

 

Figure 6. Superheater and furnace are two components in the boiler which is subjected to corrosion risk [6]. 

 

Pamela Henderson [6] writes: “Corrosion rates of up to 1.5 mm a year have been measured on low-alloy 

steel furnace walls giving a lifetime of only 3 years if no action is taken; a new furnace wall for a 100 

MWth boiler can cost up to SEK 20 million”. 

 

Figure 7. Furnace wall tubes [15]. 

The furnace wall tubes, see Figure 7, are usually made of ferritic low alloy steel such as 16Mo3 due to 

their low thermal expansion, high stress corrosion cracking resistance, high heat transfer properties and 

low cost [14], [6], [9]. They contain pressured water which is heated by the hot combustion gases [8]. 

Power plant owners wish to reduce the cost associated with high temperature corrosion [8]. The 

environment can be difficult in some parts in a boiler therefore different types of corrosion can occur. 

There is several ways to reduce the corrosion in a boiler; three of them are presented below: 
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The first method is to keep the steam temperature at a low level; however this will limit power 

production efficiency with 25% [16]. 

The second method is to use different types of fuel additives, such as sewage sludge, in order to change 

the flue gas chemistry and deposit composition [17].  

The third method, which is investigated in this thesis, is to coat the furnace wall tubes with a more 

corrosion resistant alloy (CRA). Compared to low alloy steel, higher alloyed steels such as stainless 

steels, chromium-aluminum alloys or nickel alloys have shown higher corrosion resistance and are 

considered for coatings tubes [17]. 

CRA has been available over 40 years and has many benefits in the oil and gas production industry [18]. 

A CRA is an alloy consisting of elements such: chromium, aluminum, cobalt, nickel, titanium, niobium, 

molybdenum, nitrogen and zirconium. These types of alloys offer reliable protection from corrosion, 

increasing the life span of the structure and minimizing the need for expensive maintenance and repair 

[19].  

FeCrAl alloys have been considered as coatings for protection of water wall boiler tubes because they 

have excellent corrosion resistance to a wide range of high temperature environments [20]. One 

advantage of using this alloy type compared to for example Ni-base alloys is that these alloys form a very 

stable aluminum oxide and are significantly less expensive [20]. 

Alloy 625 is the most common overlay material used for furnace walls to reduce the corrosion [21]. Alloy 

625 is an austenitic nickel based super alloys which are commonly used as a more corrosion resistant 

material, than the base material, however it still corrodes. 

2.4 Overlay welding 
Instead of general welding (which is joining two pieces of material together) weld overlay means 

applying a corrosive resistant layer onto the base material [19]. Overlay welding can be used in many 

components such as pipes, valves, tubes and vessels [18]. Overlay welding can be used for repair and 

reconstruction of damaged components but also to improve the service life of the components [22]. 

As it was mentioned before the furnace wall is formed by tubes welded together and being separated from 

each other by a fin or membrane [17], see Figure 8. A front view of overlay weld furnace wall tubes with 

five weld beads can be seen in Figure 9. 

 

Figure 8. Front view of the furnace wall tubes separated by a 

membrane before overlay welding [23]. 

 

Figure 9. Front view of overlay weld furnace wall 

tubes with five weld beads. [23] 
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The overlay welding of tubes can be made parallel to a longitudinal direction of the boiler tubes. This is 

the best direction this position allows for higher welding speeds and for higher welding currents (and 

deposition rates) with less penetration [24]. 

Figure 10 illustrates vertical downward position (x-direction) of the weld beads [24]. 

 

Figure 10. Shows the direction of the weld beads (x-direction) [24]. 

Quality improves if the overlay welding process is performed automatically on panels in the workshop 

instead of manual welding process. Automatic welding enables smaller thermal deformation of the panel, 

savings in material added and increased productivity. Weld cladding can vary between 2 - 20 mm in 

thickness [25]. 

Each welding process has its own unique set of benefits and limitations. Figure 11 shows different kinds 

of weld overlay cladding processes that can be used to provide a corrosion-resistant surface. There are 

three types of cladding processes; Arc welding, Gas welding and Thermal spraying.  

Most common weld overlay are produced by arc welding such: Manual metal arc (MMA) welding, 

tungsten inert gas (TIG) welding, metal inert/active gas (MIG/MAG) welding, submerged arc welding 

(SAW) and electroslag welding (ESW). Today is MIG/MAG and TIG or variations of them used in 

furnace wall overlay welding. SAW, ESW and MMA needs a flux during welding [26]. Flux is not 

available and therefore these methods are not included in this master thesis. 

 

Figure 11. Different kinds of weld overlay cladding processes, more details is described for TIG and MIG/MAG welding 

as they are used in the experimental part [11]. 



 

 14 

For some welding techniques a separate wire can be used to supply filler metal. Some welding process 

may employ automatic wire feed systems and become totally automated. In other semi-automatic 

operations, the welder must advance arc along the work piece, but the wire is fed automatically.  

Selection of weld overlay techniques is dependent upon: 

Welding position: Welding position must be considered when selecting an overlay process. Certain 

processes are limited in their available welding positions (e.g., submerged arc welding (SAW) can be 

used only in the flat position due to the flux) [25]. 

Dilution: Another very important consideration when selecting a weld overlay cladding process is 

dilution. Dilution is the measure of the amount of intermixing with the base material of the overlay 

material. It is usually measured in a percent based of the ratio of molten base metal volume (area) to the 

volume (area) of total fusion zone. 

Dilution is welding process dependent, which means each welding process has an expected dilution, and 

by experimenting with welding parameters the dilution can be optimized. It is necessary to control each of 

these variables to get the desired properties on the overlay. 

Variables which affect dilution are [22]: 

 Welding speed: decreased speed decreases dilution 

 Welding voltage: increased voltage increases dilution. 

 Electrode diameter: smaller electrode requires less amperage and reduces dilution. 

 Welding current: high current welding processes can increase dilution. When the arc becomes 

hotter, it penetrates more deeply and more base metals melting occur. 

 Thin material: thin sheet TIG welded can give rise to high dilution levels. 

 Water cooling: reduces dilution 

The arc should always “rest” on the weld pool and on the previous weld bead; therefore the position of 

the torch is very important (see Figure 12). 

 

Figure 12. Shows how the arc can affect the dilution [15]. 

The percentage of dilution for welding processes can vary between 10-35%, see Table 1 for each welding 

process [11]. 
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Table 1. Typical dilution for various welding methods [11]. 

Welding method Typical dilution (%) 

Metal Inert Gas welding 15-30 

Tungsten Inert Gas welding 20-30 

Submerged Arc Welding 15-20 

Electro Slag Welding 10 

 

Overlay welding surface has to be done in such a way that the dilution should be as small as possible [22]. 

As MIG and TIG are used in the experimental part the two processes are described below. 

2.4.1 Metal Inert/Active Gas (MIG/MAG) 

Another name for MIG/MAG welding is GMAW (Gas Metal Arc Welding). GMAW became popular in 

the 1950s and quickly won popularity, and it is now the most commonly used method in the industry. It is 

the most used welding method in Europe, USA and Japan. The principle of MIG/MAG welding is that a 

wire electrode or flux cored wire (FCAW) is fed continuously with a mechanical drive up to the welding 

gun [27]. 

Once the arc is established, the electrode is melted continuously in a protective gas, i.e. shielding gas. It 

protects the electrode, melt and the heated material from the damaging effects of air. Molten metal reacts 

with both oxygen and nitrogen, and since the air consists of both these gases it is important to protect 

during the welding [27]. 

The shielding gas can either be active or inert. Depending on which shielding gas is used it is called Metal 

Inert Gas (MIG) or Metal Active Gas (MAG). An inert gas is a gas which is not reacting with the welding 

pool, while an active gas is reacting with the process. 

Example of inert gas: Argon (Ar) or Helium (He) 

Example of active gas: Argon/Carbon dioxide CO2 or Argon/Oxygen O2. 

The MIG electrode is consumable wire which makes it faster than other welding techniques such as TIG 

(Tungsten Inert Gas) welding. It is an automatic or semi-automatic process and works for almost every 

welding position. It is also the most flexible of all processes (because it is fully automated) and can be 

used when welding complex components (i.e. not only in flat position) [11]. 

One important part of the welding process is how the molten filler material is transferred to the weld pool. 

Depending on which MIG-process that is used the productivity can vary (see Figure 13): 

 Short Arc (low productivity) but works for joining of thin wall applications. 
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 Pulsed Arc, which is the most 

commonly used MIG technique today, 

because it gives a very low heat input, 

but has a lower productivity compared 

to spray arc [28]. 

 Spray Arc (highest productivity). The 

arc produces a fine “spray” of metal droplets 

at rates of hundreds per second. There is a little apparent “sputtering” of the arc because of the 

smooth transfer of metal. 

Advantages [29] 

+ The process is easily automated  

+ High productivity (due to the continuous wire feeding electrode) and no wasted man hours caused by 

changing electrodes 

+ Most flexible of all processes (working for most welding positions and material) 

+ It is an easy method for welding two pieces of sheet metal without any requirement for the surface 

finished weld. 

+ Low heat input 

+ Has a high deposition rate up to 10 kg/hour 

Disadvantages [29] 

- Expensive and non-portable equipment is required 

- Outdoor applications are limited because of effect of wind, dispersing the shielding gas. 

- It is a difficult method if there are requirements; for example no bonding defects, no pores and that 

makes a huge requirement on the welder habit and skills. 

- High dilution between 15% and 25%; therefore several layers can be required to achieve acceptable 

surface properties. 

  

Figure 13. Short Circuit, Pulse and Spray arc [28] 
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2.4.2 Tungsten Inert Gas (TIG) 

Another name for Tungsten Inert Gas (TIG) is Gas 

Tungsten Arc Welding (GTAW). The method is based 

on an arc formed between the work piece and an 

electrode made of Tungsten [26]. Since Tungsten has a 

high melting point, the electrode will not be consumed 

compared to MIG/MAG, where the filler wire also is 

the electrode and it is consumed during welding. The 

shielding gas is inert, inactive and not involved in the 

welding process but protects the weld pool and the 

electrode from the damaging effects of air, see Figure 14.  

The heat from the arc melts the base material and the filler material. This process is protected by a 

shielding gas such as Argon or Helium. The TIG welding can be used with direct current or alternating 

current [27]. 

Advantages [26] 

+ High quality weld structure (the weld looks better and generally contain less defects than welded with 

MIG/MAG) 

+ Independent control of arc energy and filler material (the process allows the operator to have much 

greater control than other processes) 

+ Suitable for welding very thin sections 

+ Flux is not used; therefore, finished welds do not require cleaning of corrosive residue. 

+ It requires very little after-treatment which makes the method suitable for weld requiring a smooth 

transition between materials and the weld. 

+ It generates fewer inclusions than other processes 

Disadvantages [26] 

- Has a much lower deposition rate of the filler and metal than MIG 

- It is a time-consuming process (slower than other types of welding processes) 

- Requires high level of operators skills 

- If the electrode touches the weld pool, tungsten inclusions has to be removed. 

Figure 14. Components of the TIG Process [38] 
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3 MATERIALS AND METHODS 

3.1 Base material 
In this study two different base materials were used: T91/P91 according to ASTM A213/ASTM A335 

[30] and 16Mo3 according to SS-EN 10028-2 [31]. The chemical compositions of the two base materials 

can be seen in Table 2. 

Table 2. Chemical compositions of the two base materials [32]. 

Steel name C % Mn % P % S % Si % Cr % Mo % 

T91/P91 0,08 – 0,12 0,30 – 0,60 ≤ 0,01 ≤ 0,01 0,20 – 0,50 8,0 – 9,5 0,85 – 1,05 

16Mo3 0,12 – 0,20 0,40 – 0,90 ≤ 0,025 ≤ 0,01 ≤ 0,35 ≤ 0,30 0,25 – 0,35 

 Ni % V % Nb % N % Al % Cu % Fe % 

T91/P91 ≤ 0,40 0,18 – 0,25 0,06 – 0,10 0,03 – 0,07 ≤ 0,40 - Bal. 

16Mo3 ≤ 0,30 - - ≤ 0,012 - ≤ 0,30 Bal. 

 

3.1.1 T91/P91 

This ferritic-martensitic low alloy steel is popular due to its low cost, versatile properties and wide range 

of available grades [16]. It contains ~9% chromium (Cr) and ~1% molybdenum (Mo), which improves 

high temperature strength and increase oxidation resistance. This steel has also good corrosion resistance 

thanks to the thin oxide layer formed by chromium. P91/T91 is especially suited for boiler application, 

pressure vessel for the apparatus engineering and similar purposes. It can be used in permanent operation 

with wall temperatures up to 650°C.  

This steel was produced at Primary in Sandvik, Hallstahammar (Batch nr: 138168). The steel bars 

(40x40mm) was normalized (1060°C/1 hour followed by air cooling) and tempered (730°C/ 2 hours 

followed by air cooling) [33]. This was made in a small furnace at the laboratory in Sandvik, 

Hallstahammar. After heat treatment the steel bars was machined to plates and tubes; dimensions can be 

seen in Appendix A. As the furnace wall in the boiler is ~6mm [34] the plates and tubes got the same 

thickness. Figure 15a) shows the steel bars after heat treatment and Figure 15b) shows plates and tubes 

after machining.  

 

Figure 15. a) Shows T91/P91 after heat treatment and b) shows plates and tubes after machining.  

a) Before machining b) After machining 
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3.1.2 16Mo3 

16Mo3 is a ferritic chromium molybdenum pressure vessel steel that is used in applications with elevated 

temperatures. This material has also excellent heat resistance, corrosion resistance characteristics and 

good welding properties [32]. It is used as weldable steel in the fabrication of industrial boilers and steel 

pressurized vessels found in oil, gas and chemical industry [32]. 

The plate sheet 16Mo3 was delivered by Tibnor in Köping.  It was in normalized condition; dimensions 

can be seen in Appendix A. Figure 16a) shows the sandblasting cabinet and Figure 16b) shows when 

16Mo3 was sand blasted (Laboratory in Hallstahammar) to remove oxide layer from the surfaces in order 

to avoid welding defects. 

 

Figure 16. a) Shows sandblasting cabinet and b) shows the base material 16Mo3 after sandblasting. 

3.2 Welding wire 
Six different types of welding wire were used in this study: Two commercial alloys and four experimental 

alloys. Each welding wire diameter was Ø 1mm. 

3.2.1 Commercial alloys 

The commercial alloys were Kanthal D and Kanthal A; both are ferritic iron-chromium-aluminum alloys 

(FeCrAl alloy) with good oxidation resistance and they can be used at temperatures up to ~1300°C [35], 

[36]. The major difference between these two alloys is that Kanthal D has lower aluminum content than 

Kanthal A, which can be seen in Table 3. 

3.2.2 Experimental alloys 

The experimental alloys; 4750, 4735, 4746 and 4748, is also FeCrAl alloys but the aluminum and 

chromium content is much lower: ~10% wt. chromium and ~4% wt. aluminum. The variations of alloying 

elements in the experimental alloys were included in this thesis work in order to compare their 

weldability to some commercial alloys. 

The total wire length of each experimental alloy was limited to a few meters (5 – 12m). This made it not 

possible to use these alloys to adapt the welding parameters. 

a) Sandblasting cabinet b) Plate sheet 16Mo3 (after sandblasting) 
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Table 3. Chemical composition (wt. %) of commercial and experimental Fe-Cr-Al alloys used in this thesis [35], [36]. 

Alloys C % Si % Mn % Cr % Al % Fe % 

Kanthal D 0 – 0,08 0 – 0,7 0 – 0,5 20,5 – 23,5 4,8 Bal. 

Kanthal A 0 – 0,08 0 – 0,7 0 – 0,5 20,5 – 23,5 5,3 Bal. 

4750 - - - 10 4 Bal. 

4735 - - - 10 4 Bal. 

4746 - - - 10 4 Bal. 

4748 - - - 10 4 Bal. 

See Appendix B for more detail information about the experimental alloys (4750, 4735, 4746, and 4748).  

3.3 Welding preparation 
In this study both TIG and MIG-Pulse welding was used. Figure 17 shows the mechanized TIG welding 

setup with its main components. 

 

Figure 17. Mechanized TIG welding setup with its main components. 

The overlay was made in one, two and three layers using both mechanized and manual welding. Manual 

welding are conducted without the help of machine i.e. done by welders. Mechanized welding is defined 

as welding with equipment that requires manual adjustments with the torch or electrode holder carried by 

a mechanical system. 

In any welding process there exist many parameters to control. Setting the welding parameters is perhaps 

one of the reasons of the slow development rate of MIG/MAG especially in industry applications. 

Welding parameters used for MIG-P and TIG are given in Table 4. Further information about welding 

parameters for manual MIG-P and TIG are given in Appendix C.  
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Table 4. Parameter used for mechanized TIG and Pulsed MIG welding. 

Mechanized MIG-P Mechanized TIG

Parameter Value Parameter Value 

Welding Current 119 – 173 A Welding Current 200 A 

Welding Voltage 22,8 – 29,7 V Welding Voltage 12,5 V 

Shielding Gas 
Pure (99,99%) 

argon 
Shielding Gas 

Pure (99,995%) 

argon 

Shielding Gas Flow Rate 20 L/min Shielding Gas Flow Rate 10 – 11 L/min 

Filler material Diameter 1,0 mm 
Wolfram electrode 

Diameter 
2,4 mm 

Travel Speed 265 mm/min Travel Speed 165 mm/min 

Wire feed 8 – 8,2 m/min Wire speed 1300 mm/min 

Maximum Inter-Pass 

Temperature 
≤ 150 °C 

Maximum Inter-Pass 

Temperature 
≤ 150 °C 

Heat Input 0,78 – 1,1 KJ/mm Heat Input 0,98 KJ/mm 

Torch Angle 90° Torch Angle 90° 

Tip of the Electrode Angle No electrode Tip of the Electrode Angle 30° 

Arc time (weld bead) 68 sek Arc time (weld bead) 98 sek 

 

The overlay weld was made by a welding operator, during mechanized MIG-P welding the operator was 

adjusting the torch, see Figure 18. 

 

Figure 18. The operator is adjusting the torch during mechanized MIG-P welding. 
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4 EVALUATION PROCEDURE 

The welders’ subjective opinion is always of high importance in the welding process evaluation. 

According to the welders’ welding evaluation form the following factors are important to consider in 

evaluating a welding process: Ignition characteristics, arc stability, fluidity, bead appearance, edges, 

surface, spatter and oxide residue. Observations were documented during welding. 

Both TIG and MIG-Pulse overlay weld was evaluated according to standard: EN ISO 15614-7 

Specification and qualification of welding procedures for metallic materials [31]. This standard was used 

for overlay weld result to determine if the weld is approved or not. 

Six welding evaluation was considered, each evaluation process is described under each title: 

Welding evaluation: 

1. Visual examination 

2. Dye penetrant inspection 

3. Macro/micro examination 

4. Side bend test 

5. Corrosion test 

4.1 Visual examination 
The overlay weld was made along the plate (see Figure 19 and 20) in a horizontal direction. Linear welds 

were conducted parallel to the rolling direction on each plate specimen. The purpose of visual 

examination is to see if there are any cracks or other planar defects. They are not allowed but surface 

pores ≤ 2 mm are acceptable, according to [31]. 

 

Figure 20. Figure from [31], overlay weld of the 

test pieces shall be according to the figure. 

Figure 19. Welding direction (horizontal) of mechanized MIG-Pulse. 
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4.2 Dye penetration inspection (DPI) 
Dye penetration technique is a simple method to investigate if there are any cracks or holes in the overlay 

weld. The overlay weld was allowed to cool and was left for 48 hours before testing for cracks. The 

method contains three parts; Cleaning, Application of Penetrant and Developer [37]. 

First the weld overlay surface was cleaned with a steel brush to remove particles and dirt. The cleaning 

spray was applied to remove any oil etc. The cleaner was wiped away before applying penetrant. 

Once the surface was cleaned, a penetrant spray (Bycotest RP20) (see Figure 21) was applied onto the 

welds and left for a sufficient time (60 seconds) to soak into the metal, see Figure 22a. After five minutes 

the excess penetrant was wiped off from the surface with a dry tissue. 

 

Figure 21. Developer and red penetrant spray 

A developer (Bycotest D30A) was sprayed on the weld to bring out the defects out onto the surface, 

which can be seen in Figure 22b. If there had been a defect for instance a crack in the weld it would 

indicate as a pink-red spot line. 

According to EN ISO [31] linear surface crack detection is not permitted.  

 

Figure 22. a) Shows when the penetrant was sprayed (red liquid dye) and b) shows when the developer was sprayed on 

the weld to bring out defects. 
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4.3 Macro/micro examination 
The specimen preparation for macroscopic and microscopic examination was made at the laboratory in 

Hallstahammar. In this method, a small sample was sliced from the welded joint for inspection. The 

location for macro and micro examination can be seen in Figure 23.  

 

Figure 23. Location for macro and micro test specimen for overlay welding on plate [31]. 

All test specimens were oriented perpendicular to the weld axis (transverse section) to reveal weld 

deposit, HAZ (heat affected zone) and the parent material. 

The samples were prepared for the LOM/SEM analyzes by following steps:  

 Step 1. Before polishing and grinding samples were mounting in Bakelit (Polyfast).  

 Step 2, 3, 4 and 5 can be seen in Table 5. 

 After each step the samples was washed with ethanol and dried. 

Table 5. Shows step 2, 3, 4 and 5 for each sample prepared for LOM/SEM analyze.  

Step 2 3 4 5 

Grinding surface MD-Largo MD/DP-Dur MD/DP – Nap MD/OP – Chem 

Abrasive diamond diamond diamond OP-U 

Grit/grain size 9 μm 6 μm 1 μm - 

Lubricant green green green - 

Rotation speed [rpm] 150 150 150 150 

Time [min] 5,00 5,00 5,00 2,00 
 

The sliced sample was etched with mild acid mixture depending on base material. In this case 

(hydrochloric HCl and distilled water was used). The etching was heated to 50°C and immersed the 

specimen in the etchant. 

Etching reveals all types of defects such as incomplete root penetration, depth of penetration, lack of 

fusion, internal porosity, internal cracks, slag inclusions etc. 

The purpose of macroscopic and microscopic examinations is to assess the structure (including grain 

structure, morphology and orientation, precipitates and inclusions) independently and/or in relation to 

various cracks and cavities. 
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For macroscopic examination cracks and other planar defects are not allowed and individual pores greater 

than 2 mm are not allowed according to [31]. For microscopic examination cracks greater than 1, 5 mm 

are not allowed. 

4.3.1 Light Optical Microscope (LOM) 

Light Optical Microscopy (LOM) is a type of microscopy which uses visible light (usually defined as the 

wavelengths between 390 and 700 nm of the electromagnetic spectrum) in an arrangement of optical 

lenses that generates magnified images of sample surfaces. The microscope used in this study was a 

Nikon microscopy model XN instrument using magnification X2,5 and X5.  

4.3.2 Scanning Electron Microscope (SEM) 

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) is the most 

widely-used of the surface analytical techniques. In SEM an electron beam scans across the samples 

surface. SEM produces images of conductive surfaces in vacuum by scanning a focused beam of 

electrons. Only backscattered electrons (BSE) was used for chemical and imaging analysis. BSE gives 

information about the elements. The contrast in the image produced is determined by the atomic number 

of the elements in the sample. The SEM analyses were performed in vacuum with an accelerating voltage 

of 20, 00 kV and a magnification of 55 times and WD (working distance) of 8,5mm. No preparation of 

the samples, except fixation on the sample disk, was needed as the sample had already been washed and 

dried. 

4.4 Side bend testing 
Side bend testing was made only for one-layer overlay weld. Two sheet plates welded with mechanized 

TIG and MIG-P was used for testing, welded with Kanthal A. Figure 24 shows 16Mo3 sheet plate welded 

with mechanized TIG where 8 samples (T1 – T8) where across the weld and 6 samples (L1 – L2) along 

the weld. 

 

Figure 24. 16Mo3 plate sheet welded with mechanized TIG welding, 8 samples across the weld and 6 samples 

along the weld used for side bend testing. 

Each sample was bent through a bending machine, see Figure 25, where the overlay welds was on the 

side. 

Dimension of each sample:  

length = 200 mm 

width = 10 mm 

thickness = 6mm 
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Figure 25. Side bend testing on TIG overlay weld sample. 

According to standard [31] the angle of bend was 120°, see figure 26, but in this thesis two different bend 

angle was chosen: 180° and 60°. Figure 26 shows where the bend α (alpha) angle can be seen. According 

to [31], the test specimens shall not reveal any flaw > 3 mm in any direction according. 

 

Figure 26. Side bend testing, α=bend angle [31]. 

4.5 Corrosion test 
A short-term corrosion test (~50 hours) was performed for both TIG and MIG welding (crack-free weld 

overlay deposit was selected, see Figure 27). One, two and three layers welding were included in the test. 

For each sample ash was placed on top of the overlay weld. The ash is a Pellets Standard (which can be 

used in boiler), see Table 6 for the chemical composition of the ash. Same ash was used during the 

corrosion test. 

Table 6. Chemical composition of the Pellets ash, taken from laboratory test Sandvik.  

Element SiO2 Al2O3 CaO2 MgO2 Fe2O3 TiO2 Na2O K2O ZrO2 

%wt 19 1,9 Rest 6,3 1,3 2,9 0,45 10,5 <0,01 

          

 HfO2 BaO2 Cr2O3 NiO2 Y2O3 P2O5 ZnO2 SrO2 HfO2 

 <0,01 0,34 0,06 0,01 <0,01 3,4 0,04 0,12 <0,01 

      

    MnO2 C Pb S Cl 

 4,6 8,5 <0,005 0,37 0,65 

 

Former diameter Ø 40mm (4T) 
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Figure 27. The samples before the corrosion test. 

Before the corrosion test samples was cleaned with ultrasonic cleaner. It is a process that uses ultrasound 

and an appropriate cleaning solvent (ordinary tap water) to clean samples. The cleaning was last about six 

minutes. 

Using a cycling furnace (Laboratory Hallstahammar) the samples were exposed at a temperature 550°C, 

relevant to boiler application. All samples were exposure for 50 hours (1 hour in the furnace and 30 

minutes in room temperature). The samples were weighed to the nearest milligram using a digital balance 

before and after exposure. The total weight change over the exposure times was reported. 
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5 RESULTS 

The results from the different tests and evaluations are presented in this section. 

Table 7 shows a summary of which welding evaluation has been made on which sample and each sample 

is designated from A) to T). Table 7 also shows the materials and forms of the base materials, welding 

wire, welding methods and number of layers.  

Table 7. Shows which base material, welding wire, welding method and number of layers was evaluated with which 

welding evaluation. 

Sample 

Base material 

Welding wire 

Ø 1mm 
Welding method Layer 

Welding evaluation 

Material Form 
Visual 

examination 

Dye 

penetrant  

inspection 

Macro/micro  

examination 

Side 

bend 

 test 

Corrosion  

test 

A) T91 Plate Kanthal A Mechanized TIG I Yes Yes Yes No Yes 

B) T91 Plate Kanthal A Mechanized TIG II Yes Yes Yes No Yes 

C) T91 Plate Kanthal A Mechanized TIG III Yes Yes Yes No Yes 

D) T91 Plate Kanthal D Mechanized MIG I Yes Yes Yes No Yes 

E) T91 Plate Kanthal D Mechanized MIG II Yes Yes Yes No Yes 

F) T91 Plate Kanthal D Mechanized MIG III Yes Yes Yes No Yes 

G) T91 Tube Kanthal A Manual TIG I and II Yes Yes No No No 

H) T91 Tube Kanthal A and D Manual MIG I and II Yes Yes No No No 

I) 16Mo3 Plate sheet Kanthal A Mechanized TIG I Yes Yes No Yes No 

J) 16Mo3 Plate sheet Kanthal A Mechanized MIG I Yes Yes No Yes No 

K) 16Mo3 Plate sheet 4748 Manual MIG I Yes Yes No No Yes 

L) 16Mo3 Plate sheet 4750 Manual MIG I Yes Yes No No Yes 

M) 16Mo3 Plate sheet 4748 Manual TIG I Yes Yes No No Yes 

N) 16Mo3 Plate sheet 4750 Manual TIG I Yes Yes No No Yes 

O) 16Mo3 Plate sheet 4746 Manual TIG I Yes Yes No No Yes 

P) 16Mo3 Plate sheet 4735 Manual TIG I Yes Yes No No Yes 

Q) 16Mo3 Plate sheet 4748 Manual TIG II Yes Yes No No Yes 

R) 16Mo3 Plate sheet 4750 Manual TIG II Yes Yes No No Yes 

S) 16Mo3 Plate sheet 4746 Manual TIG II Yes Yes No No Yes 

T) 16Mo3 Plate sheet 4735 Manual TIG II Yes Yes No No Yes 

 

Each welding evaluation has been marked as “Yes” or “No”. (Yes= evaluation has been made and No= 

evaluation has not been made).  

The following sections present the welding evaluations summarized above. 

5.1 Visual examination 
The weldability of A), B) and C) was good. Table 8 shows result of overlay welding of mechanized TIG 

with Kanthal A. The difference between I, II and III layers was quite hard to see. Sample C) showed some 

lack of fusion at the surface. However the surface on sample A), B) and C) was very bright. 
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Table 8. Results from mechanized TIG welding. Base material: T91 and welding wire: Kanthal A. 

Sample 
Base 

material 

Welding 

wire 

Ø 1mm 

Welding 

method 
Layer Overlay welding results 

A) T91 Kanthal A 
Mechanized 

TIG 
I 

 

B) T91 Kanthal A 
Mechanized 

TIG 
II 

 

C) T91 Kanthal A 
Mechanized 

TIG 
III 

 
 

The weldability of D), E) and F) was acceptable. Table 9 shows result of overlay welding of mechanized 

MIG with Kanthal D. Sample D) showed some lack of fusion in the beginning of the beads. The surface 

of layer I, II and III showed a very coarse surface. 

Table 9. Results from mechanized MIG welding. Base material: T91 and welding wire: Kanthal D. 

Sample 
Base 

material 

Welding 

wire 

Ø 1mm 

Welding 

method 
Layer Overlay welding result 

D) T91 Kanthal D 
Mechanized 

MIG 
I 

 

E) T91 Kanthal D 
Mechanized 

MIG 
II 

 

F) T91 Kanthal D 
Mechanized 

MIG 
III 

 
 

The weldability of G) and H) was excellent. Table 10 shows result of overlay welding of manual TIG and 

MIG with Kanthal A and Kanthal D. 

More beads were needed for TIG than MIG in order to make one overlapping layer of weld metal. The 

thickness of each MIG layer was also bigger than with TIG welding. Consequently more wire was 

consumed at each layer with MIG welding. The surface was smoother for manual TIG compare to manual 

MIG.  

Regarding to G) and H): There were no signs of cracking, porosity or other defects. 
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Table 10. Results from manual TIG and MIG welding. Base material: T91 and welding wire: Kanthal A and D. 

Sample 
Base 

material 

Welding wire 

Ø 1mm 

Welding 

method 
Layer Overlay welding result 

G) T91 Kanthal A Manual TIG I and II 

 

H) T91 
Kanthal A and 

D 
Manual MIG I and II 

 
 

Welding with mechanized TIG for plate sheet 16Mo3 with Kanthal A showed high quality (sample I)), 

but the plate were buckled due to the high heat input. Looking at sample J) the welding wire did not cover 

the whole plate sheet, see Table 11.  

I) Welding evaluation: No cracks but some lack of fusion and holes. 

J) Welding evaluation: Several cracks were found. 

Table 11. Results from mechanized TIG and MIG welding. Base material: 16Mo3 and welding wire: Kanthal A. 

Sample 
Base 

material 

Welding 

wire 

Ø 1mm 

Welding 

method 
Layer Overlay welding result 

I) 16Mo3 Kanthal A 
Mechanized 

TIG 
I 

 

J) 16Mo3 Kanthal A 
Mechanized 

MIG 
I 
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Table 12 shows result of overlay welding with experimental alloys (4748, 4750, 4746 and 4735). The 

welding wire was limited, therefore only two alloys were welded with MIG and four were welded with 

TIG.  

Weldability K) and L): There was no bigger difference between 4748 (K) and 4750 (L); both showed 

high-quality weld structures.  

Weldability M), N), O) and P): 4746 (O) showed the most high-quality weld structure of them all and 

greatest fluidity of the weld pool. 4735 (P) showed the poorest fluidity of the weld pool and weld surface 

also showed a dark surface. 4750 (N) showed high-quality weld structure and acceptable fluidity of weld 

pool.  

Weldability Q), R), S) and T): 4746 (S) showed high-quality weld structure. Further information about 

welders’ opinion of weldability can be seen in appendix B. 

Table 12. Results from manual TIG and MIG welding. Base material: 16Mo3 and welding wire: experiment alloys. 

Sample Base material 
Welding wire 

Ø 1mm 

Welding 

method 
Layer Overlay welding result 

K), L) 16Mo3 4748, 4750 Manual MIG I 

  

M), N) 16Mo3 4748, 4750 Manual TIG I 

  

O), P) 16Mo3 4746, 4735 Manual TIG I 

  

Q), R) 16Mo3 4748, 4750 Manual TIG II 

  

S), T) 16Mo3 4746, 4735 Manual TIG II 

  
 

According to the visual examination only sample J) were not approved due to several cracks in the weld. 
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5.2 Dye penetration inspection 
Table 13 shows the result of dye penetrant inspection. The result shows if the overlay welds had any 

cracks in it or not. As it can be seen in Table 13, both welding method (mechanized and manual) 

techniques were tested with I, II and III layers. Only mechanized MIG plate sheet 16Mo3 with Kanthal A 

I layer showed several cracks, this can be seen in Figure 28. 

Table 13. Result of penetrant testing on each overlay weld with both mechanized and manual welding techniques. 

Sample 
Base material Welding wire 

Ø 1mm 
Welding method Layer 

Dye penetrant  

inspection Material Form 

A) T91 Plate Kanthal A Mechanized TIG I No crack 

B) T91 Plate Kanthal A Mechanized TIG II No crack 

C) T91 Plate Kanthal A Mechanized TIG III No crack 

D) T91 Plate Kanthal D Mechanized MIG I No crack 

E) T91 Plate Kanthal D Mechanized MIG II No crack 

F) T91 Plate Kanthal D Mechanized MIG III No crack 

G) T91 Tube Kanthal A Manual TIG I and II No crack 

H) T91 Tube Kanthal A and D Manual MIG I and II No crack 

I) 16Mo3 Plate sheet Kanthal A Mechanized TIG I No crack 

J) 16Mo3 Plate sheet Kanthal A Mechanized MIG I *Several cracks 

K) 16Mo3 Plate sheet 4748 Manual MIG I No crack 

L) 16Mo3 Plate sheet 4750 Manual MIG I No crack 

M) 16Mo3 Plate sheet 4748 Manual TIG I No crack 

N) 16Mo3 Plate sheet 4750 Manual TIG I No crack 

O) 16Mo3 Plate sheet 4746 Manual TIG I No crack 

P) 16Mo3 Plate sheet 4735 Manual TIG I No crack 

Q) 16Mo3 Plate sheet 4748 Manual TIG II No crack 

R) 16Mo3 Plate sheet 4750 Manual TIG II No crack 

S) 16Mo3 Plate sheet 4746 Manual TIG II No crack 

T) 16Mo3 Plate sheet 4735 Manual TIG II No crack 

*Several cracks: The base material 16Mo3 welded with Kanthal A showed several cracks. More detail information is described below. 

It can be seen visually in Figure 28 that several cracks where found. Due to penetrant testing it can be 

visually shown exactly where the cracks are. 

 

Figure 28. Several cracks were found on mechanized MIG welding with Kanthal A I layer. 

Figure 29 shows the penetrant testing of the sample. Three arrows indicate where cracks can be observed 

from the dye penetrant testing. 

 

Figure 29. Dye penetrant testing revealed several cracks. 
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5.3 Light optical microscope 
Light optical microscope (LOM) revealed that the fusion zone of the weld was comprised of a columnar 

grain structure and appeared to be continuous throughout the fusion zone.  

Sample A) shows one layer for TIG and sample D) shows one layer for MIG. There is a big difference in 

thicknesses between A) and D), the differences between each layer can be seen in Table 14. 

Sample D), E) and F) for MIG welding shows lack of fusion defects. 

Table 14. Images from light optical microscope for TIG and MIG welding. 

Sample Light optical microscope images 

A)  

  

 Sample A) shows one layer overweld with mechanized TIG. Base material is T91 and Kanthal A as welding 

wire. Sample A) shows microstructure on different positions from the same samples. 

B)  

  

 Sample B) shows two layers overweld with mechanized TIG. There is a difference in microstructure between 

each overlay layer Base material is T91 and Kanthal A as welding wire. Sample B) shows microstructure on 

different positions from the same samples. 

Layer 2 

Base material: T91 

Base material: T91 

Layer 1 

Layer 1 Layer 1 

Base material: T91 

Base material: T91 

Layer 2 

Layer 1 
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C) 

  

 Sample C) shows three layers overweld with mechanized TIG. Base material is T91 and Kanthal A as welding 

wire. Sample C) shows a microstructure of columnar grain structure that continues into the next layer. 

D) 

  

 Sample D) shows one layer overweld with mechanized MIG. Base material is T91 and Kanthal D as welding 

wire. Sample D) shows lack of fusion of the weld. 

 

Layer 3 

Layer 1 

Layer 2 

 

Layer 1 
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E) 

 

 

F) 

 

 

 

 

Layer 1 

Layer 2 

Layer 3 

Layer 1 

Layer 2 

Sample E) shows two layers overweld with 

mechanized MIG. Base material is T91 and Kanthal 

D as welding wire. Sample D) also shows lack of 

fusion of the weld. The structure between the beads 

and between the layers can also be seen. 

Sample F) shows three layers overweld with 

mechanized MIG. Base material is T91 and 

Kanthal D as welding wire. Sample C) shows a 

microstructure of columnar grain structure. 

However it is lack of fusion in the weld. The 

structure between the beads and between the 

layers can also be seen. 
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Table 15 shows measurements of thickness for TIG and MIG welding. Three layers with TIG welding are 

almost at thick as one layer with MIG welding. Lack of fusion is the defect type that can be seen in MIG 

welding. 

Table 15. Shows the differences in thickness for sample A) to F). 

Sample Thickness Lack of fusion 

A) 1,5 mm - 

B) 2,5 mm - 

C) 3,9 mm - 

D) 4,4 mm 0,35 mm 

E) 8,1 mm 1,0 mm 

F) 11,2 mm 0,9 mm 

 

5.4 Scanning electron microscope 
Using SEM and Energy Dispersive Spectroscopy (EDS) the elemental composition was analyzed. 

Analysis was made by line profiles to show the elemental distribution in the sample surface. 

Sample A) Base material: T91, welding wire: Kanthal A, welding method: M echanized 
TIG, layer: I  

Figure 30 shows analyses of selected points on sample A with point scans along a line from the base 

material to the overlay weld.  Line 1 shows the chemical composition near the surface of the weld metal 

and Line 15 shows the base material (T91). Table 16 shows wt% for elements from the point analysis. 

Theoretical dilution (TIG=25%): 

Kanthal A Cr: 20,5 Al: 5,3 Fe: 72,9 

T91 Cr: 9 Al: 0,4 Fe: 88,46 

%Dilution Cr: 0,75*20,5 + 0,25*9= 17,6% 

 

Figure 30. Shows a SEM image from a line scanning of 

sample A) from the weld surface (Line 1) to the base 

material (Line 15). 

Table 16. Shows spectrum wt% for sample A). 

Spectrum Al Si Cr Mn Fe Ni Mo 

Line 1 3.30 0.44 18.92  77.34   

Line 2 3.27 0.46 18.56  77.71   

Line 3 3.15 0.42 17.71  78.17 0.55  

Line 4 3.63 0.38 19.23  76.76   

Line 5 3.49 0.49 18.37  77.65   

Line 6 3.30 0.47 18.50  77.27  0.46 

Line 7 3.13 0.47 17.39 0.60 77.30 0.45 0.66 

Line 8 2.72 0.36 16.40  79.72  0.80 

Line 9  0.31 9.76 0.67 87.47 0.74 1.05 

Line 10  0.34 9.57 0.67 87.54 0.79 1.09 

Line11  0.35 9.67 0.59 87.57 0.64 1.17 

Line12   9.64 0.68 87.85 0.65 1.19 

Line 13  0.33 9.81 0.60 87.65 0.68 0.94 

Line 14  0.34 9.78  87.93 0.77 1.19 

Line15  0.39 9.55 0.52 87.67 0.78 1.10 
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%Dilution Al: 0,75*5,3 + 0,25*0,4= 4,1% 

%Dilution Fe: 0,75*72,9 + 0,25*88,46=76,8% 

Theoretical dilution is calculated based on 25% TIG welding. This will lead to 17,6%Cr, 4,1%Al and 

76,8%Fe and according to Table 16, the values are very close. This means that 25% theoretical dilution is 

almost correct. 

Sample B) base material: T91, welding wire: Kanthal A, welding method: mechanized 
TIG, layer: II  

Figure 31 shows analyses of selected points on sample B. The points scan along a line from the base 

material to the overlay weld.  Line 1 shows the chemical composition near the surface of the weld metal 

and Line 10 shows the base material (T91). Table 17 shows wt% for elements from the point analysis. 

 

Figure 31. Shows a SEM image from a line scanning of sample B) 

from the weld surface (Line 1) to the base material (Line 10). 

Table 17. Shows spectrum wt% for Line 1 – Line 10. 

Spectrum Al Si Cr Mn Fe 

1 5.23 0.48 22.48  71.81 

2 5.07 0.62 22.26  72.04 

3 4.96 0.61 22.42  72.01 

4 4.98 0.51 22.37  72.13 

5 5.06 0.44 22.04  72.47 

6 4.55 0.55 21.52 0.68 72.70 

7 3.31 0.50 18.07  78.12 

8 2.99 0.50 17.91  78.59 

9 2.33 0.40 15.61  81.66 

10  0.36 9.73 0.66 89.26 
 

 Sample E) base material: T91, welding wire: Kanthal D, welding method: mechanized 
MIG, layer: II  

 

Figure 32. Shows a SEM image from sample E) scanning the 

points along Line 1 – Line 14 (overlay weld). 

Table 18. Shows spectrum wt% for Line 1 – Line 14. 

Spectrum Al Si Cr Fe 

1 4.69 0.37 22.38 72.55 

2 4.76 0.37 22.38 72.49 

3 4.89  22.34 72.77 

4 4.67 0.50 22.41 72.43 

5 4.74 0.43 22.37 72.46 

6 4.88  22.42 72.70 

7 4.81 0.38 22.29 72.52 

8 4.77 0.42 22.42 72.40 

9 4.83 0.39 22.29 72.49 

10 4.82 0.45 22.34 72.39 

11 4.88 0.40 22.29 72.43 

12 4.81 0.37 22.19 72.63 

13 4.83 0.47 21.86 70.28 

14 4.89  22.11 71.23 
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Figure 32 shows analyses of selected points on sample E. Line 1 – Line 14 shows only the weld material 

(Kanthal D). Table 18 shows wt% for elements from the point analysis. 

5.5 Side bend test 
Side bend testing of an overlay weld evaluates the ability of the overlay welded material to deform 

without any cracks formation. Sixteen samples were tested;  

Sample I): Eight across the welding direction (T1-T8) and six along the welding direction (L1-L6). 

Sample J): Two along the welding direction (M1-M2).  

The testing results can be seen in Table 19. 

Table 19. Shows result from side bend testing for mechanized TIG and MIG. 

Welding method Sample nr Bend angle Result Verdict 

Mechanized TIG 

T1 60° One very small crack Not approved 

T2 180° One crack Not approved 

T3 180° Two cracks Not approved 

T4 60° Two cracks (one small) Not approved 

T5 180° Free from discontinuities Approved 

T6 60° Free from discontinuities Approved 

T7 180° One crack Not approved 

T8 60° One big crack Not approved 

L1 180° Two big cracks Not approved 

L2 180° Free from discontinuities Approved 

L3 180° Free from discontinuities Approved 

L4 60° Free from discontinuities Approved 

L5 60° Free from discontinuities Approved 

L6 60° One crack Not approved 

Mechanized MIG-P 
M1 180° Broken Not approved 

M2 60° Broken Not approved 
 

Figure 33 and 34 shows which samples were approved in the side bend testing and which sample were 

not approved (according to Table 20).  

 

Figure 33. Welded with mechanized TIG. Green ticks show 

approved side bend test samples. 

 

Figure 34. Welded with mechanized MIG. The red crosses 

on M1 and M2 show non approved side bend test samples. 

5.6 Corrosion test 
The corrosion tests were done to evaluate the corrosion resistance of the different overlay welding when 

exposed to a corrosive ash. The evaluation was done visually and by measuring the mass weight change. 
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Figure 35 shows the samples before and after exposures in the furnace. It can be seen from the Figure 36 

that the welds showed a darker surface than the base material.  

 

Figure 35. Shows an example of the short term corrosion test specimen before and after exposure in the furnace. 

 

Figure 36. The four experimental alloys 

after corrosion testing. 

 

Figure 37. Samples A),B) and C) after corrosion testing. 

 

Figure 38. Samples D), E) and F) after corrosion testing. 

Figure 37 and 38 shows samples welded with TIG and MIG. The surface was brighter than the base 

material when the ash was removed. It can be seen from Table 20 that samples E), F) and C) had the 

lowest mass gain. 

Table 20. The result from the corrosion test, Δm = mass change of specimen, g. 

Sample m0, g m1, g Δm, g % 

R) 33,24339 33,28517 0,04178 0,001257 

K) 32,21605 32,24885 0,0328 0,001018 

S) 26,62362 26,64928 0,02566 0,000964 

M) 24,60415 24,62627 0,02212 0,000899 

T) 37,96546 37,99835 0,03289 0,000866 

P) 33,46576 33,49382 0,02806 0,000838 

O) 22,69498 22,71385 0,01887 0,000831 

Q) 32,75464 32,77532 0,02068 0,000631 

L) 44,47487 44,50074 0,02587 0,000582 

N) 37,03235 37,04934 0,01699 0,000459 

B) 29,95172 29,96049 0,00877 0,000293 

D) 34,06297 34,07266 0,00969 0,000284 

A) 25,91948 25,92503 0,00555 0,000214 

C) 28,15216 28,15814 0,00598 0,000212 

F) 53,145 53,1539 0,0089 0,000167 

E) 58,3388 58,34751 0,00871 0,000149 

Before After 
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6 DISCUSSION 

The objectives of this master thesis were both to recommend suitable methods for overlay welding in 

boiler applications and to recommend evaluation methods to use for overlay welding of FeCrAl alloys. 

Visual examination: To fill in a protocol when welding and evaluate properties like fluidity and arc 

stability was an effective way to evaluate and rank the combinations of welding methods, base material 

and welding wire. Visual examination of the welded surface was also an effective way to evaluate the 

welding. Differences between the method regarding cracks, porosity, spatter etc. could be seen.  

When the visual examination was made it could immediately be seen which welding method produced a 

good quality on the weld structure. 

It could be seen that better quality on the weld structure was produced by TIG rather than MIG-P. MIG-P 

gave a very narrow and coarse surface. It could also be seen that a thinner layer of weld was produced by 

TIG than MIG. Three layers with TIG welding were almost as thick as one layer with MIG welding. 

If we consider the question which overlay welding method is suitable for boiler application, a thinner 

weld layer provides less protection than a thick layer. This means that three layers is required with TIG in 

order to get the same thickness as for MIG for one layer.  

When considering welding defects such as cracks, lack of fusion, arc strikes, porosity, slag inclusions and 

spatter it showed more defects for MIG than for TIG. This was due to welding parameters. The most 

common welding defects for MIG-P that occurred were lack of fusion, i.e. welding bead not fused 

together. 

Comparing mechanized and manual welding manual welding was better with respect to visual 

appearance; the operator had more control over the torch than for mechanized welding. There were some 

feed problems during mechanized MIG-P welding. The Kanthal A and Kanthal D wires were too soft. 

This caused interruptions during the welding. The experimental alloys were harder and did not give this 

effect. This is a parameter that could easily be adjusted in the wire drawing plant. However manual 

welding works for repair certain places.  

If again considering the question of which overlay welding method is the most suitable to boiler 

applications, i.e. overlay welding of several meters boiler tubes, then manual welding is not a productive 

method. Instead mechanized or robot welding would be a better option. Quality improves if the process is 

performed automatically on panels and also at the worn regions of the boiler. Automatic welding enables 

smaller thermal deformation of the panel and savings in material added.  

Dye penetrant inspection: Another nondestructive test method is dye penetrant inspection. The method 

indicates in an effective way also cracks not visible during visual examination.  Only the plate sheet 

16Mo3 welded with mechanized MIG-P showed several cracks. This was due to high heat input and some 
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tension in the plate. The other plate sheet 16Mo3 welded with mechanized TIG welding was buckled due 

to high heat input. 

Macro/micro: When studying the polished micro samples the thickness of the overlay welding could be 

measured. Each bead and each layer become visible as well as the structure in the heat affected zone 

when studying the etched samples in LOM. When considering LOM images the base material (T91) was 

martensitic. Table 15 shows the difference in thickness for TIG and MIG welding. Looking at the table it 

was a big difference; 3 layers overlay weld with TIG was 3,9 mm and one layer overlay weld with MIG 

welding was 4,4 mm. On the other hand MIG-P welding had more defects as lack of fusion between the 

base metal and the first weld layer as well as between the layers. 

The EDS analysis was made to see the chemical composition. With this method the local chemical 

composition of each point could be evaluated. A theoretical dilution was calculated and showed wt% of 

chromium, aluminum and iron. The theoretical value (25% dilution for TIG welding) did not match the 

spectrum analysis. A higher dilution was used during the welding. Lower amplitude, higher voltage and 

lower speed are general recommendations to keep dilution low. 

Side bend test: The results from the side bend test differed a lot. Half of the test samples failed and got 

cracks when evaluating the results. The two MIG welded samples was broken during the experiment. This 

might be because the plate sheet 16Mo3 had already some cracks. Both 60 and 180 degree bending 

samples resulted in passes and failures during the test. Samples longitudinal to the welding direction had 

more passes than the transversal samples however only transversal tests were according to the SS-EN ISO 

15614-7 [31]. No side bend test was done with the experimental alloys due to the lack of wire. The lower 

alloyed material is expected to be more ductile but this has not been verified. 

Corrosion test: Mass weight gain could be measured as a result of the corrosion test. The mass gain was 

different between each sample. However the size of the samples differed and the area of exposed base 

material was different. Furthermore were the base materials not the same. All samples with experimental 

filler alloy were welded on the lower alloyed 16Mo3 while the commercial alloys was welded on T91 (9 

% Cr). The mass gain measurement could not be used to evaluate the corrosion resistance in the way the 

test was done, see future work. 

The corrosion resistance of overlay welding is one determinant property. To measure the difference in 

wall thickness during a longer test would give useful information. 
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7 CONCLUSION 

One application of overlay welding is the furnace wall in power plants. The overlay welding is done to 

increase the life of the wall. This is strongly affected if the overlay has any cracks or other defects.  

Conclusion of this thesis work is that most of the tests done on the overlay welds give valuable 

information to the evaluation of different fillers and welding methods. The non-destructive tests are 

effective and give a direct result. Macro/micro is a spot test but gives information about defects within the 

weld.  

How to make a test to evaluate the capacity of the overlay weld to deform without cracking remains to 

develop. The side bend test in the SS-EN ISO 15614-7 [31] seem to be too tough. A corrosion test is close 

to the application and is of great interest. This is not a standardized test and how to do the test has to be 

considered. A longer test is recommended with samples of the same shapes which gives the possibility 

evaluates the loss of thickness and the quality of oxide when micro samples are prepared. 

The first conclusion of this thesis is that MIG welding is a more productive method than TIG, but more 

defects such cracks and lack of fusion can be produced for MIG welding. These defects can be “fixed” if 

welding parameters is optimized. The second conclusion is that TIG welding is a better option for repairs. 

Finally, the third conclusion is that one layer with MIG welding is almost as thick as three layers with 

TIG welding with welding wire Ø 1mm. 
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8 RECOMMENDATIONS AND FUTURE WORK 

1. Long-Term Corrosion Testing 

Longer exposure time ~1000h is required to completely characterize the long-term corrosion 

behavior of these alloys. However, it is also important to perform tests in real environments to 

check the suitability of the laboratory tests. Also changing ash during the corrosion test is a 

recommendation in order to always have a corrosive contact with the overlay weld surface.   

2. Ultrasonic and hardness testing 

Another recommendation is to evaluate Ultrasonic testing and hardness testing on overlay 

welding (which is included in the SS-EN ISO 15614-7 [31]). 

3. Welding parameters 

More welding wire will give the opportunity to optimize the welding parameters in order to get a 

better quality on the weld structure. 

4. Hot wire – TIG 

Hot wire is a further development of Tungsten Inert Gas process. In hot wire welding, filler wire 

is resistance heated until close to the melting point and then fed into the weld puddle immediately 

behind the arc. The temperature the hot wire can reach is dependent on the current set: the higher 

the current, the higher the temperature of the wire. Advantages of hot wire TIG is high deposition 

rate compared to MIG/MAG welding, better control of heat input, reduced dilution and low risk 

of lack of fusion. A disadvantage is that hot wire can only be feed mechanically, as the wire 

cannot be heated manually.  

5. EPMA - Electron Microprobe Analysis 

EPMA can be performed on the weld overlay to ensure that the composition is homogenous and 

that there are no mixing issues during welding. 
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APPENDIX A 

Table 21. Form and dimension of the base material. 

Form 

Dimension [mm] 

Base material 

l = length, w = width, 

 t = thickness 

di =inner diameter, do= outer diameter 

Plate 

 

l = 300 

T91 w = 40 

t = 6 

Plate

 

l = 300 

T91 w = 40 

t = 6 

Tube 

 

l = 100 

T91 
t = 6 

di = 27 

do = 40 

Tube 

 

l = 300 

T91 
t = 6 

di = 27 

do = 40 

Plate sheet

 

l = 500 

16Mo3 
w = 250 

t = 6 

Plate sheet

 

l = 500 

16Mo3 
w = 250 

t = 6 

Plate sheet 

 

l = 500 

16Mo3 
w = 250 

t = 6 
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APPENDIX B 

Experimental alloys and length of each welding wire. 

1. 4750 - 12 m 

2. 4735 - 6 m  

3. 4746 - 5 m  

4. 4748 - 11 m 
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APPENDIX C 

SVETSPROTOKOLL / WELDING PROTOCOL 

Svetsare 

Welder 

 

SÖ 

DatumDate  

2015-02-12 

Internt arbets nr. 

Internal work No. 

 

W16029 

Projekt nr. 

Project No. 

CFIN Loafer 

Lowtemp FeCrAl 

Typ av test 

Type of 

test  

 

Ex-Jobb 

Order No.  Svetsmetod 

Welding method 

 

TIG-Mek 

Kund  

Customer 

 

 

Svetsmetod/Welding method      

Märkning – Marking W16029     

Sträng nr. – Bead No. 1 – 32     

Lager – Layer 1     

Grundmaterial/Base material      

Standard  Plåt 16Mo3     

Charge nr. – Heat No.      

Dimension [mm] 500x250x6     

Tillsatsmaterial/Consumable      

Standard Kanthal A     

Charge nr. – Heat No.      

Arbetsorder nr. - Lot No.      

Dimension [mm] Ø -  1,0     

Flux typ & höjd – Flux type & height [mm]      

Arbetsorder nr. - Lot number      

Bandförbrukning - Strip consumed [mm/min]      

Svetsparametrar/Welding parameters      

Ström - Current [A] 200     

Spänning - Voltage [V] 13,5     

Svetshastighet – Travel speed [mm/min] 165     

Värmetillförsel – Heat input [kJ/mm] 0,98     

Total bågtid – Total arc time [s]      

Arbetstemperatur – Working temp. [°C] RT     

Mellansträngstemperatur -  

Interpass temp. [°C] 

<100     
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Skyddsgas & flöde -  

Shielding gas & flow [l/min] 

Ar 10L/min     

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

Trådmatningshastighet – 

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

1300mm/min     

Övrigt / Other: (T.ex / e.g) 

- Puls svets data - Pulsed welding data 

- Magnetstyrning; ström påNord o Syd pol 
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APPENDIX D 

 

 

 


