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ABSTRACT 

The three boiling water reactors (BWR) in Oskarshamn produce about 10 % of the electrical power in 

Sweden. The combination of intense radiation fluxes and high temperatures in nuclear reactors creates 

an extraordinary environment. Therefore, a number of material challenges arise at a nuclear power 

plant that needs to be solved in order to maintain the nuclear power production, safety and reliability.  

Dissimilar metal welds can be found at a lot of places in nuclear power plants and due to reparations or 

replacement some dissimilar metal welds need to be welded on site. The technical regulations for the 

Swedish nuclear power plants specifies that welding of dissimilar joints shall be made with gap of at 

least 1.5 mm and in horizontal position. Welding a dissimilar joint on site makes it difficult to follow 

the technical regulations, therefore, the aim with this study is to determine if different welding 

positions of dissimilar metal welds affect the structure and composition of the weld metal in a negative 

way and to investigate the importance of a gap in the root.  

In this study six samples were welded in three different welding positions, horizontal, vertical and 

reversed vertical with or without a gap of 1.5 mm in the root. The samples were evaluated by non-

destructive testing, optical microscopy, chemical analysis, tensile testing, bend testing and hardness 

measurements.  

The results shows that two of the samples welded without gap failed the transverse root bend test, the 

same samples did also have high hardness values in the root bead.  

The conclusions are that the welding position, horizontal, vertical or reversed vertical does not affect 

the weld negative in a noticeable way. However, the gap and a good dilution with the filler metal are 

important.  
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1. INTRODUCTION 

The three boiling water reactors (BWR) in Oskarshamn produce about 10 % of the electrical power in 

Sweden. The combination of intense radiation fluxes and high temperatures in nuclear reactors creates 

an extraordinary environment. Therefore, a number of material challenges arise at a nuclear power 

plant that needs to be solved in order to maintain the nuclear power production, safety and reliability. 

[1] In the complex environment, the choices of right materials are extremely important and lots of 

material mixes are made. Often, in primary systems a low alloyed or carbon steel is welded together 

with a stainless steel in a so-called dissimilar metal weld. Due to the combination of materials a 

complex structure of several different metallurgical zones can be created. These zones can have 

significant differences in mechanical properties and therefore affect the lifetime of the dissimilar metal 

weld.  

The transitions from low alloyed or carbon steel to stainless steel in nuclear power plants are mainly 

made to decrease the risk of and sensitivity to erosion corrosion. Another example when dissimilar 

metal welds are used in nuclear power plants is in the transitions to small bore piping with a nominal 

diameter smaller than 50 mm. The small bore piping systems are usually made of stainless steels due 

to economic reasons. The difference in material costs per unit length is insignificant at such small 

dimensions. [2] It is also possible to have a low alloyed pipe connecting to a valve of stainless steel or 

vice versa with a dissimilar metal weld. In a nuclear power plant there is approximately 20 000 valves. 

[3] Every year around 50 dissimilar metal welds are welded at the yearly outage of a unit in 

Oskarshamn. [4] In total that is a big number of dissimilar metal welds.  

1.1 Challenges with welding dissimilar metal welds  

The knowledge of how dissimilar metal welds behave is therefore very important, both for the welds 

already existing, during reparations etc., but also for construction of new nuclear power plants. In the 

requirements documents of the nuclear power plants in Sweden, Technical regulations for mechanical 

equipment, there is stated that (§4.1.3.2): ”For dissimilar joints, there shall be a gap of at least 1.5 mm 

between the weld ends before start of the welding and the welding should be made in a horizontal 

position and if possible in bench.” [5] These requirements are stated to ensure that the dissimilar joint 

will not fail in an un-controlled manner. The requirement of 1.5 mm gap is to ensure that enough 

amount of welding consumable always is added in the root bead. If not enough amount of welding 

consumable is added, there is a risk that the weld will not exhibit the required mechanical properties. 

The requirement of welding in a horizontal position is important to control the composition in the weld 

metal and to control the mixture of the filler metal and parent metals. By practical and/or production 

reasons it is sometimes difficult to fulfill the requirements in the requirement documents Technical 

regulations for mechanical equipment [5].  
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1.2 Aim with this study 

The primary goal with this study is to determine if different welding positions of dissimilar metal 

welds affects the microstructure and composition of the weld metal. A second goal is to investigate the 

importance of the proposed gap size. 
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2. WELDING THEORY AND DISSIMILAR METAL WELDS  

2.1 Dissimilar metal welds 

In modern steel constructions it is extremely important, and sometimes unavoidable, to perform a 

durable dissimilar metal weld between low alloyed or carbon steel and stainless steel. A schematic 

picture of a dissimilar metal weld is presented figure 1. When welding such dissimilar metal welds the 

choice of filler metal plays a big role and usually has a composition differing from both of the parent 

metals. The composition of the weld metal will therefore be a mix of the parent metals and the filler 

metal at some specific ratio. [6] 

 

 

 

Figure 1, Schematic picture of a dissimilar metal weld 

During welding of dissimilar metal welds it is important to control the composition of the weld metal. 

From assumptions that the weld metal consists of a mix of the parent metals and the filler metal the 

composition can be estimated. Narrow control of the resulting weld metal composition is important to 

decrease the risk of defects in the weld, such as hot cracks or sigma phase formation. The composition 

is also important to control so that the weld metal properties corresponds the required ones. The filler 

metal normally used in dissimilar metal welds is over-alloyed austenitic stainless steel with a relatively 

large amount of ferrite. If the welds are exposed to high temperatures or an intense thermal cycle, 

nickel based alloys are usually used as filler metal. [6] 

In a dissimilar metal weld between carbon steel and stainless steel it is important to reduce the dilution 

with the carbon steel, in order to obtain a good microstructure. It is therefore common to not point the 

arc directly on the carbon steel side, but rather to angle the torch slightly toward the stainless steel. 

Another important factor to optimize during welding of a dissimilar metal weld is the interpass 

temperature, i.e. the actual temperature in the already present weld bead before welding starts during 

multipass welding. A common interpass temperature used when welding dissimilar metal welds is 150 

°C. According to the Technical regulations for mechanical equipment [5], a requirement document for 

the nuclear power plants in Sweden, it states that “for welding in primary water systems with an 

operating temperature over 100 °C the interpass temperature must not exceed 100 °C”. 

Welding dissimilar metal welds faces many characteristic problems caused by structural changes and 

several constitutional changes can occur during welding. Changes in the dilution ratio of the parent 

metals are possible and affected by the welding conditions. During welding a stable manufacturing 

and good crack resistance is important. If the dilution between the filler metal and parent metals 

increases, the ferrite content will decrease in the case of welding low alloyed or carbon steel to 

stainless steel with a filler metal of over-alloyed austenitic stainless steel. If the amount of stainless 

steel diluted to the weld metal increases the structure can be fully austenitic and the risk of hot 

Low alloyed or 
Carbon steel 

Stainless steel 
Weld 
metal 
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cracking increases significantly. On the other hand, if the dilution with the low alloyed or carbon steel 

increases a structure with more martensite is created which is a hard and brittle structure. If the ferrite 

content becomes too high, thermal ageing during operation at elevated temperatures may lead to a 

transformation of the ferrite to sigma phase or as spinodal decomposition. The sigma phase is very 

brittle, due to this joints used in systems that operates at high temperatures should have as low ferrite 

content as possible. [6] 

2.1.1 General welding of dissimilar metals 

The weld metal composition is usually not uniform throughout the weld, especially in multipass welds. 

A composition gradient is likely to arise in the weld metal between the two parent metals. The 

solidification procedure of the weld metal is influenced by the dilution and the composition gradients, 

this is important with respect to hot cracking. When designing a dissimilar metal weld final weld metal 

and the mechanical properties must be considered. [7] 

The factors that usually are responsible for failure of dissimilar metal welds are: [8]  

 Alloying problems and formation of brittle phase and limited mutual solubility of the two 

metals 

 Widely differing melting points 

 Differences in thermal expansion coefficients  

 Differences in thermal conductivity 

Selecting an appropriate filler metal is important when producing a dissimilar metal weld that is 

expected to perform well in service. It is important that the filler metal is compatible with both of the 

parent metals and capable of being added with a minimum amount of dilution. The Schaeffler diagram 

is normally used to predict the microstructure of the weld metal and to predict and select a proper filler 

metal when welding a dissimilar metal weld of low alloyed or carbon steel to stainless steel. [7] 

When designing a butt weld to a dissimilar metal weld, attention must be given to the melting 

characteristics of the both parent metals and the filler metal, as much as to the dilution effect. Large 

joints will permit better control of the molten weld metal, decrease the dilution and provide room for 

control of the arc for good fusion. It is important that the joint design provides appropriate dilution for 

the first few passes. Inadequate dilution could give a layer of weld metal with inappropriate 

mechanical properties, especially if the dissimilar metal weld will be exposed for cyclic stresses. [7] 

It is not unusual for dissimilar metal welds to have a failure in shorter time than the expected lifetime. 

Most of the failures of a dissimilar metal weld between austenitic steel and low alloyed steel occur in 

the HAZ on the low alloyed steel side, close to the weld interface. Theses failures usually fulfill one or 

more of the following criteria: [7] 
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 High stresses resulting in creep at the interface between the weld metal and parent metals due 

to differences in thermal expansion.  

 A weakening in the HAZ on the low alloyed or carbon steel side due to carbon migration from 

the low alloyed steel side to the austenitic steel side.  

 Oxidation at the interface that is accelerated by the presence of the stresses induced by the 

welding.  

A chemical composition gradient is likely to arise in the weld metal and especially close to the parent 

metals. If the dissimilar metal weld is operating at an elevated temperature interdiffusion between the 

parent metals and weld metal is possible which could result in a modified microstructure. This is can 

happen when an austenitic stainless steel is used as a filler metal. Chromium that has a greater affinity 

to carbon than iron, therefore it is likely for the carbon to diffuse from the parent metal to the weld 

metal during temperatures above 425 °C. Carbon migration usually takes place during post-weld heat 

treatment or when operating at elevated temperatures. [7]  

The parent metals and the weld metal has different corrosion behaviors that must be considered when 

producing a dissimilar metal weld. For example a galvanic cell could be created and trigger corrosion 

of the most anodic metal or the most anodic phase in the weld. Corrosion at a microstructural level is 

possible in the weld metal that usually consists of several different microstructural phases. To avoid 

galvanic corrosion the composition of the weld metal could be changed to provide a cathodic 

protection to the parent metal that is the most vulnerable to corrosion attack. A cathodic protection is a 

good option as long as it does not threaten the mechanical properties of the dissimilar metal weld. [7] 

2.2 The Heat-affected zone 

The heat-affected zone (HAZ) is the unavoidably heat treated area in the parent metal near the fusion 

zone during welding where structural transformations occur. [9] The properties of the HAZ are very 

important after performing a weld, because it is often there the failure occurs. Depending on the 

distance from the weld, the different parts of the HAZ will be affected differently during the welding 

thermal cycle. The HAZ can be divided into four different zones that are subjected to different heat 

treatments, see figure 2. The width of the different zones in the HAZ depends on the preheating level 

or interpass temperature and the specific heat input of a particular welding procedure it also depend on 

forced cooling or the a lack of forced cooling, the size of workpiece, thickness and so on. [10] A 

general width of the HAZ ranges from one up to a few millimeters. [9]  

The four zones are: [10] 

 Coarse grain zone, 1200 °C to TSolidus 

Complete transformation to austenite and grain growth. Lowest toughness in the HAZ. 

 The normalized zone, A3 (transformation from austenite to austenite and ferrite) to 1200 °C 

Complete transformation to austenite, during cooling a fine grained structure is formed.  
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 The partially transformed zone, A1 (transformation from austenite and ferrite to ferrite and 

cementite in low carbon steels) to A3 

Partially transformation to austenite, somewhat larger grain size than the normalized zone. 

 The annealed zone, up to 600 °C 

Insignificant changes of the parent metal 

 

Figure 2, Schematic picture of the heat-affected zone [11] 

The mechanical properties and microstructures of the HAZ have its origin in the thermal heat 

treatment during welding and primarily depend on: [10] 

 The position in the joint 

 The heat input 

 The thickness of the joint 

 The joint-type 

 The preheating temperature (if it is used)  

2.3 Schaeffler constitutional diagram  

Estimation of properties and microstructures for austenitic stainless steel has been the topic of many 

studies, and eventually lead to the Schaeffler constitutional diagram, see figure 3. The Schaeffler 

diagram [12] was first published in 1949 and has since that been used to predict the ferrite content in 

austenitic stainless steels. The diagram is composed of phase fields and isoferrite lines. The elements 

that are used to calculate the nickel equivalent promotes the formation of an austenitic structure and 

the elements that are used to calculate the chromium equivalent promotes the formation of a ferritic 

structure. The nickel and chromium equivalents give together an estimation of the ration between the 

different phases in the microstructure. Today the diagram is most used to predict ferrite content in 

dissimilar metal welds. [13] A proper amount of ferrite in the weld metal is essential. The ferritic 

structure inhibits hot-cracks in the weld metal since it is able to incorporate elements such as sulfur 
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and phosphor which otherwise can segregate in the weld metal and increases the risk of cracks when 

the residual stresses increases. The negative effect of ferrite is that it could be attacked by selective 

corrosion in corrosive media. The grain boundary ferrite is continuous from around 10 % and 

upwards, it is in those cases selective corrosion can lead to fracture.  2-10 % ferritic structure in a 

stainless steel weld metal is desirable. [14] 

Another common constitutional diagram is the DeLong diagram that was published in 1974. The 

DeLong have two major improvements, the ferrite content is calculated as magnetically based ferrite 

number (FN) and the nickel equivalent include nitrogen content. However, the DeLong diagram is 

valid for a more narrow range of compositions than the Schaeffler diagram. This makes the Schaeffler 

diagram more suitable for dissimilar metal welds. [13]   

Since the development of the Schaeffler diagram and DeLong diagram some research has been made 

to develop the diagrams, since they are very useful. First was the WRC-1988, which more or less can 

replace the DeLong diagram. An improvement of WRC-1988, WRC-1992, has been developed to give 

more accuracy to stainless steels that have a significant copper content and the diagram have extended 

axes for improved prediction of FN-numbers for dissimilar metal welds. [13] However, it should be 

noted that the different diagrams just give a prediction and for dissimilar metal welds between low 

alloyed or carbon steel and stainless steels the Schaeffler diagram can be used successfully. More 

exact measurements of the ferrite content in the weld metal can be made by using instruments that take 

advantage of the ferromagnetic properties of the ferrite phase such as a ferrite scope. [7]    

 

Figure 3, Schaeffler constitutional diagram for stainless steel weld metal [15] 
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2.4 Tungsten inert-gas arc welding  

Tungsten inert-gas arc welding (TIG) is a fusion welding method that was developed in the late 

1930’s, see figure 4. [7] The TIG-method is characterized by its high quality weld metal deposits, 

great precision, superior surfaces and excellent strength. TIG is the most common welding method 

used for pipes and tubes with a wall thickness from 0.3 mm and upward. [8] In the TIG-method a non-

consumable electrode of tungsten or tungsten alloy is used, in comparison to other common welding 

methods where the filler metal also is the electrode. [7]  

 

Figure 4, Schematic picture of tungsten inert gas arc welding [16] 

To prevent oxygen in the air from oxidizing the weld pool and the heated material, a shielding gas is 

used during TIG-welding. The shielding gas is also important to promote a stable metal transfer 

through the arc, the shielding gas commonly used for TIG-welding is argon. The root side of the weld 

also needs protection from oxidizing in form of a backing gas during the production of the first weld 

beads. The backing gas helps the weld bead to form correctly and keep the weld bead from becoming 

porous or crack. The backing gas that gives the lowest levels of oxidation is a mixture of nitrogen and 

hydrogen, usually 90 % N2 and 10 % H2 [8]. 

The TIG-welding method has some great advantages, they are: [7] 

 Produces a high quality and a low-distortion weld 

 Free of splatter that is associated with other methods 

 Can be used with or without filler metal 

 Can be used in a wide range of power supplies 

 Can weld almost all metals, including dissimilar metal welds 

 Gives precise control of welding heat 
 

Even if the TIG-method is a very high quality welding method there are some limitations that could be 

summarized as: [7] 

 Creates lower deposition rates than consumable electrode arc welding processes 
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 Demands somewhat more skill and welder coordination than gas metal arc welding or shield 

metal arc welding when welding manually 

 Less economical than consumable electrode arc welding for sections thicker than 9.5 mm 

 Challenging in draughty environments due to difficulty in shielding the weld zone properly 

 Tungsten inclusions can be created if the electrode make contact with the weld pool 
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3. STRESS CORROSION CRACKING OF STAINLESS STEEL – A LITERATURE STUDY 

A lot of research is going on in the world of nuclear energy business and of course a lot of other 

research that could be applicable in the nuclear energy field. The current nuclear reactors are getting 

older and are in need of methods for repairs, replacements and upgrades, at the same time as new 

nuclear reactors are built. Welding of dissimilar metal welds is important in all of the cases. Welding 

of dissimilar metals in a nuclear environment is often made with a nickel based filler metal if the joint 

is subjected to an elevated temperature. If the joint is working at a lower temperature the weld is more 

often made with a filler metal of austenitic stainless steel with high ferrite content.    

The three sites with nuclear power plants in Sweden collaborate in the field of materials research with 

respect to nuclear safety issues, to ensure safe and stable operation in a forum called Swedish Utilities 

Materials Group (MG). One of the priority areas is intergranular stress corrosion cracking (IGSCC) 

propagation to have as a background to failure analysis. The units Oskarshamn 2 and Oskarshamn 3 

have test loops are installed in re-circulation system 321, the cooling system for a shutdown reactor. 

The test loops consists of five vessels in each unit and are used to test different kinds of materials and 

their resistance to crack initiation or crack growth due to IGSCC at authentic BWR environment. The 

test loops are the only ones of its kind in the world, so the test results are coveted worldwide. The tests 

that are carried out are often long-term tests with an operating time of up to 100 000 hours. Different 

types of test specimens are used, but the two most common are bolt-loaded compact-tension 

specimens and 3-point-bend specimens. 

One project within MG considers stress corrosion cracking tests of stainless steel weld metal 308LSi 

with low ferrite contents. The purpose of the study is to investigate how the sensitivity for IGSCC is 

affected if the ferrite content is lower than 5 %. The study is still ongoing but the first results shows 

that the average crack propagation rate increases with decreasing ferrite content. The results also 

shows that the percent engagement of the crack, i.e. an indirect measure of the specimens 

“willingness” to initiate cracking, is larger for the specimens with lower ferrite content than those with 

higher ferrite content, the cracks had spread over the whole crack front. The results indicate that there 

is a connection with the ferrite content and the susceptibility for intergranular stress corrosion 

cracking. The susceptibility for cracks due to different ferrite contents is important also for dissimilar 

metal welds. Usually a ferrite content over 2 % is desirable but the results from this study clearly show 

that a ferrite content over 5 % is better. [17] 

There is a complex environment in a nuclear power plant that occurs due the combination of the water 

chemistry, temperature and radiation. Welds are often vulnerable and are usually the weak link in a 

construction. In an article by Zinkle and Was the materials challenges in nuclear energy is compiled. 

The three major materials challenges for continued safety and reliability at the nuclear power plants all 

over the world are summarized in three points: [18] 

 Improved understanding of the corrosion mechanisms and stress corrosion cracking of 

austenitic stainless steel and nickel base alloys 
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 Improved understanding of radiation hardening and degradation in ductility and fracture 

toughness of complex structural alloys 

 Improved fuel systems with more reliability and accident tolerant issues  

As mentioned above, these problems arise due to the extraordinary environments for materials in the 

nuclear reactors. The materials have to manage an environment that is a combination of high 

temperatures, high stresses, intense radiation fluxes and a coolant. It could be noted that historically in 

the nuclear power plants, the main materials degradation problems that have arisen in boiling water 

reactors (BWR) are intergranular stress corrosion cracking (IGSCC) of pipes. One of the factors 

contributing to IGSCC in pipes is weld-induced residual stress. In all major systems exposed to an 

environment with water, corrosion can occur in all sorts of alloys such as stainless steel, carbon and 

low alloyed steels, nickel based alloys and zirconium alloy fuel cladding.  [18]   

Stress corrosion cracking (SCC) arises due to a combination of three factors that are; a susceptible 

material, corrosive environment and tensile stresses as seen in figure 5. In dissimilar metal welds the 

residual stresses that arise from welding can be large enough to induce SCC if the other factors are 

fulfilled. SCC tends to develop more rapidly at higher temperatures than at lower temperatures, the 

process is thermally activated and can be represented by Arrhenius’ law with the correlation: , 

where T is temperature. In BWR chemistry, materials tend to be susceptible to SCC at temperatures 

above 100 °C. The operating method and temperature in a nuclear power plant are also factors that 

contribute in significant manner to SCC. The concentrations of oxygen and hydrogen, the corrosion 

potential, impurities and the pH balance of the solution play important roles in this process.        

 

Figure 5, The factors that gives SCC 

One common material in a nuclear power plant is the austenitic stainless steel 316L. Therefore 

naturally, a lot of studies are made with 316L. The susceptibility to SCC in the HAZ of the 316L 

material is evaluated by Abreu Mendinca Schvartzman et al. in an environment of the primary circuit 

of a pressurized water reactor (PWR) at 303 °C and 325 °C [19]. TIG-welded samples were analyzed 

by optical microscopy and slow strain rate to analyze the susceptibility to SCC. The study concludes 

that the HAZ of AISI 316L was susceptible to SCC. The tests showed that at the higher temperature 

the samples were exposed to the more susceptible to SCC due to lower mechanical properties and 

strength. Even though the primary circuit of a PWR differs from the BWR environment in the case of 

temperature and pressure, 288 °C in a BWR it is concluded that a higher temperature makes 316L 

more susceptible to SCC. [19] 
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The crack growth rate is an important factor in a nuclear power plant due to the long operation times. 

A study by del P Fernández et al. [19] has reviewed the growth rate of SCC. In the study ferritic steel 

was welded together with austenitic stainless steel in a dissimilar metal weld. A buttering layer with 

nickel based filler metal was first welded on the ferritic steel side before the two parent metals was 

joined together by TIG with the same filler metal as the buttering layer. The welded samples were 

subjected to a cyclic load in a simulated BWR environment. The study concluded that a crack grows 

preferably on the ferritic steel side. [20] 

The advantages of a nickel based filler metal between low alloyed and austenitic stainless steel is well 

known due to the better impact fracture energy. It is shown by Hajiannia et al. [21] that in a weld 

between low alloyed steel and austenitic stainless steel a nickel based filler metal is to prefer compared 

to an austenitic stainless steel filler metal. In the weld with the austenitic stainless steel filler metal a 

thin martensite layer with high hardness is found in the fusion line, but no martensite layer is found in 

the weld with the nickel based filler metal. All tensile tests were as would be expected broken in the 

HAZ on the low alloyed steel side. The nickel based weld also had the highest impact energy. 

However, the highest and the lowest hardness values were found in the weld with nickel based filler 

metal. [21] 

The presence of a martensite layer close to the fusion line in dissimilar metal welds is a well-known 

phenomenon. A martensite layer is created due to a formation of intermediate compositions with high 

hardenability and formed during the rapid cooling in the welding thermal cycle. The martensite layer 

will create a gradient in mechanical properties along the weld interface that could be responsible for 

premature failure of the dissimilar metal weld. Dissimilar metal welds are usually welded with 

austenitic steel filler metal or a nickel based filler metal. The nickel based filler metal tends to give a 

thinner martensite layer. A study by DuPont and Kusko, [20], has demonstrated that the nickel based 

filler metal will give a steeper concentration gradient in the partially mixed zone compared to 

austenitic steel filler metal. The steeper concentration gradient will force the start temperature for 

martensite formation to intersect room temperature at a quite small distance within the partially melted 

zone. This will stabilize austenite and cause the relatively thin martensite layer detected in the 

dissimilar metal welds with nickel based filler metal. [22] 

The dissimilar metal welds are known for its complex combinations of the different materials, heat 

affected zone and carbon depleted zone due to the welding thermal cycle. The fracture behavior of 

these dissimilar metal welds is therefore very important for safety and design point of views. Samal et 

al. [23] has investigated the fracture behavior of dissimilar metal welds through analyzing single-

edged notched bend type specimens with initial cracks made at different locations. The study shows 

that an initial crack at the buttering-weld interface has the lowest fracture resistance behavior because 

the presence of the heat affected zone at the end of the welding area. [23] 

Some areas in the field of dissimilar metal welds can successfully be analyzed by models and the use 

of different soft-wares. In a study by Ranjbarnodeh et al., [24], a three-dimensional model has been 
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developed to predict the temperature distribution and weld-pool geometry during TIG-welding of a 

carbon steel and ferritic stainless steel. The model was then used to evaluate the effect of welding 

parameters on grain growth in the heat affected zone of welded samples. The results showed that the 

model had reasonable consistency with the model and the measured weld-pool geometries. The 

temperature was unevenly distributed, the highest temperature occurred at the carbon steel side. At last 

it was concluded that the grain size and grain size distribution was strongly related with the heat input, 

higher heat input gave larger grain size and a more homogeneous grain size distribution. [24] 

  



 

14 

 

4. MATERIALS USED IN THIS STUDY 

In this study a dissimilar metal weld was made between the austenitic stainless steel 316L and the low 

alloyed steel 15Mo3 with the over-alloyed austenitic filler metal Avesta P5, also known as 309MoL.  

The austenitic stainless steel, 316L, is a common austenitic stainless steel in the nuclear power 

industry. It is often used in pipes or valves in the primary and secondary water system but also as 

internal parts in the reactor pressure vessel.  

The low alloyed steel used in the study is 15Mo3, and is also a commonly used low alloyed steel in the 

nuclear power industry. 15Mo3 is frequently used in pipes or valves in the secondary systems. 

The filler metal, Avesta P5, is also known as 309LMo and is a common material used for filler metal 

in dissimilar metal welds. The filler metal is an over-alloyed austenitic stainless steel.  

4.1 Austenitic stainless steel 316L 

The chemical composition for the tubes in 316L according to ASTM and according to the material 

certificate is specified in table 1. For material certificate see appendix A. 

Table 1, Chemical composition of 316L  

Element ASTM, % Material certificate, %  
Carbon, C ≤ 0.030 0.016 
Silicon, Si ≤ 1.00 0.40 

Manganese, Mn ≤ 2.00 1.42 
Phosphorus, P 0.045 0.024 

Sulfur, S 0.015 0.008 
Chromium, Cr 16.5-18.5 16.78 

Molybdenum, Mo 2.00-2.50 2.03 
Nickel, Ni 10.0-13.0 11.17 

Nitrogen, N ≤ 0.11 0.057 
Cobalt, Co - 0.089 

Iron, Fe Bal Bal 
 

4.2 Low alloyed steel 15Mo3 

The chemical composition for the tubes according to EN and according to the material certificate is 

specified in table 2. For material certificate see appendix B. 

Table 2, Chemical composition of 15Mo3  

Element EN, % Material certificate, % 
Carbon, C 0.12-0.20 0.18 
Silicon, Si ≤ 0.35 0.20 

Manganese, Mn 0.40-0.90 0.66 
Phosphorus, P 0.025 0.004 

Sulfur, S 0.010 0.003 
Chromium, Cr ≤ 0.30 - 

Molybdenum, Mo 0.25-0.35 0.28 
Nickel, Ni ≤ 0.30 - 

Copper, Cu ≤ 0.30 - 
Nitrogen, N ≤ 0.012 - 

Iron, Fe  Bal 
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4.3 Filler metal Avesta P5 

The chemical compositions for the welding wires according to Avesta welding and according to the 

material certificate are specified in table 3 for the 2.4 mm wire and table 4 for the 1.6 mm wire. The 

1.6 mm wire is used for the root bead and the first weld bead and the 2.4 mm wire for the rest of the 

weld beads. For material certificate see appendix C for the 2.4 mm wire and appendix D for the 1.6 

mm wire.  

Table 3, Chemical composition of P5 2.4 mm 

Element Avesta welding, % Material certificate, % 
Carbon, C 0.02 0.012 
Silicon, Si 0.35 0.33 

Manganese, Mn 1.5 1.4 
Phosphorus, P - 0.020 

Sulfur, S - 0.004 
Chromium, Cr 21.5 21.4 

Nickel, Ni 15.0 15.0 
Molybdenum, Mo 2.7 2.57 

Niobium + Tantalum, Nb + Ta - 0.00 
Copper, Cu - 0.10 
Nitrogen, N - 0.053 

Iron, Fe Bal Bal 
 

Table 4, Chemical composition of P5 1.6 mm 

Element Avesta welding, % Material certificate, %  
Carbon, C 0.02 0.013 
Silicon, Si 0.35 0.40 

Manganese, Mn 1.5 1.5 
Phosphorus, P - 0.020 

Sulfur, S - 0.004 
Chromium, Cr 21.5 21.5 

Nickel, Ni 15.0 15.4 
Molybdenum, Mo 2.7 2.59 

Niobium + Tantalum, Ni + Ta - 0.01 
Copper, Cu - 0.10 
Nitrogen, N - 0.051 

Iron, Fe Bal Bal 
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5. METHOD   

5.1 Calculations with the Schaeffler constitutional diagram 

With the chemical compositions of the two parent metals and the filler metal, the Schaeffler diagram 

can be used to estimate the composition of the weld metal. The composition of the 1.6 mm P5 filler 

metal is used in the calculations, since the structure of the root bead is considered as the most 

important. The nickel and chromium equivalents that are a part of the Schaeffler diagram are 

calculated with equation 1 and 2 for the two parent metals and the filler metal are listed in table 6. It is 

assumed that the two parent metals contributes equally to the weld pool, therefore new nickel and 

chromium equivalents are calculated with equation 3 and 4 as a mean value.  

      (1) 

     (2) 

Table 6, Nickel and chromium equivalents for parent metals and filler metal 

 Stainless steel 316L Low alloyed steel 15Mo3 Filler metal Avesta P5 
Nieq 12.89 5.73  
Creq 19.41 0.58  
 

       (3) 

       (4) 

Figure 6 to 9 shows the schematic sketches of the samples that are welded in this study. Sample 3 and 

4 are welded with the stainless steel upwards and sample 5 and 6 are welded with the low alloyed steel 

upwards. Sample 1, 3 and 5 are welded with a gap between the two base materials in the root bead 

where-as sample 2, 4 and 6 are welded without gap. The figures show that maximum eight weld beads 

are made. When TIG-welding is used it is assumed that 30 % of the parent metals/previous weld bead 

and 70 % of the filler metal is contributing to the molten weld pool. 

By assuming 30 % of the parent metals contribute to the dilution in a TIG-welding method the nickel 

and chromium equivalents can be calculated for the eight weld beads. When the Schaeffler diagram is 

used it is assumed that the parent metals contribute to the molten weld pool only in the first weld bead. 

In the following weld beads the latest made weld bead contributes by 30 % to the molten weld pool. 

The filler metal contributes to the remaining 70 % in both cases. The equivalents for the different weld 

beads are showed in table 7. Note that in worst case scenario, the first weld bead of a sample welded 

without gap can consist of a mix without any filler metal at all.  

 



 

17 

 

 

Figure 6, Schematic sketch of how sample 1 (with gap) Figure 7, Schematic sketch of how sample 2 (without gap) 

is welded.   is welded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8, Schematic sketch of how Figure 9, Schematic sketch of how 

sample 3 and 5 (with gap) are welded.  sample 4 and 6 (without gap) are welded. 

Table 7, Nickel and Chromium equivalents for the different weld beads 

 Nieq Creq 
1 14.035 20.124 
2 15.453 23.163 
3 15.878 24.074 
4 16.005 24.348 
5 16.044 24.430 
6 16.055 24.456 
7 16.059 24.463 
8 16.058 24.464 
 

5.2 Welding procedure specification  

The samples are welded according to the welding procedure specification (WPS): OKG-1.1/8.1-004, 

see appendix E. Some of the most important parameters from the WPS are listed in table 8. The 

maximum temperatures of the samples between weld beads, the interpass temperature, are 100 °C, to 
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decrease the risk of sensitization of the stainless steel. The samples with gap (1, 3, 5) are prepared to a 

V-joint, see figure 10, and the samples welded without gap (2, 4, 6) are prepared to a U-joint, see 

figure 11. The reason for choosing a U-joint to the samples welded without gap is to ensure that 

enough filler metal are added to the molten weld pool.  

Table 8, Parameters for welding according to the WPS 

Weld 
bead 

Method Filler 
metal 

Dimension, 
mm 

Current, 
A 

Voltage, V Current 
type, 
polarity 

Velocity, 
cm/min 

Heat 
input, 
kJ/mm 

1 141-TIG P5 Avesta 1.6/2.0/2.4 55 – 75  10 – 12  DC- pol 3 – 3.6  0.6 – 1.1  
n 141-TIG P5 Avesta 1.6/2.0/2.4 85 – 115  10.5 – 12.5  DC- pol 4.3 – 6.6  0.5 – 1.2  
 

To acquire a good quality of the welds AGA Argon is used as shielding gas and as root protection gas 

AGA Fromier 10 that consists of 90 % N2 and 10 % H2. The AGA Formier 10 gives, compared to pure 

argon gas, a smoother root and better corrosion properties. [25] 

 

Figure 10, Schematic sketch of V-joint.    Figure 11, Schematic sketch of U-joint. 

5.3 Welding procedure 

Both the 316L pipe and the 15Mo3 pipe have a diameter of 114.3 mm and a thickness of 10 mm. In 

total 6 different samples are welded, three of them with 3 mm gap and 3 of them without 3 mm gap. 

The different positions are horizontal, see figure 12, vertical with the stainless steel on the top and 

reversed vertical position with the low alloyed steel at the top, see figure 13. Table 9 gives an 

overview of in which position the samples are welded and how they are denoted.   

 

 

 

 

 

 

 

Figure 12, Horizontal position, with rotating pipe [26] Figure 13, Vertical position [26] 
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Table 9, How the samples are denoted  

 Horizontal position Vertical position Reversed vertical position 

With 3 mm gap 1 3 5 
Without gap 2 4 6 

5.4 Non-destructive testing 

Non-destructive testing is made to ensure that there are no manufacturing defects open to the surface 

or embedded in the weld or HAZ. Liquid penetrant testing is made according to the standard SS-EN 

571-1 to identify discontinuities such as cracks, laps, folds, lack of fusion and porosity which are open 

to the surface. In order to achieve a successfully liquid penetrant test, the surface to be investigated 

shall be cleaned and dried. After that the penetrant is applied on the weld and the surrounding area so 

that the penetrant can enter into discontinuities open to the surface. When the penetration time has 

elapsed, in this case 20 minutes, the penetrant is removed from the surface and dried for 5 minutes. 

The developer is applied with a developing time of 0 to 30 minutes. The developer absorbs the 

penetrant that have entered discontinuities and give a visible enhanced indication of the discontinuity. 

Before any other non-destructive testing could be performed the surface shall be cleaned carefully 

after a liquid penetrant test. Acceptance criteria of indications in the weld and adjacent HAZ are 

according to the standard SS-EN ISO 23277:2009 and can be seen in table 10.  

Table 10, Acceptance levels for indications 

 

Type of indication 

Acceptance level a 

1 2 3 

Linear indication 
l=length of indication 

 

l ≤ 2 

 

l ≤ 4 

 

l ≤ 8 

Non-linear indication  
d=major axis dimension 

 

d ≤ 4 

 

d ≤ 6 

 

d ≤ 8 
a Acceptance levels 2 and 3 may be specified with a suffix “X” which denotes that all linear indications detected shall be 

evaluated to level 1. However the probability of detection of indications smaller than those denoted by the original 

acceptance level can be low.  

After the liquid penetrant test a radiographic test is made in order to ensure that there are no embedded 

defects. The radiographic testing is made according to the standard SS-EN ISO 17636-1 Class B that 

specifies techniques of radiographic evaluation using industrial radiographic film on fusion welded 

joints in metallic materials. The acceptance criteria are according to SS-EN 12517-1:2006. The tests 

are made with X-ray and with 9 films on each sample to cover the whole pipe.  

5.5 Macroscopic and microscopic examination 

A transverse section of each sample is mechanically cut so that it includes the heat affected zones of 

both sides of the weld and the weld metal itself. The specimens are prepared by mounting, grinding 

and polishing. After that the specimens are etched with Nital, 2 % HNO3 in alcohol to reveal the 

microstructure on the low alloyed steel side and the microstructure on the low alloyed steel side is 

evaluated. Finally an electrolytic etching with oxalic acid 10 % H2C2O4 in water to reveal the 
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microstructure in the weld and on the stainless steel side, and the weld and stainless steel side are 

evaluated in light optic microscope.  

5.6 Chemical analysis with EDS 

In order to study the dilution between the parent metals and the filler metal in the weld, chemical 

analysis of the samples are made. The analysis is made from the unaffected parent metals through the 

weld metal to the other unaffected parent metal. The chemical analysis is made at three different 

positions in the weld which are the root, the first weld bead and the top. The analysis is made in a 

scanning electron microscope (SEM) with electron-dispersive spectroscopy (EDS). A high-energy 

electron beam interacts with the specimen and an X-ray is generated, the energy created is 

characteristic to the atoms in the specimens. The intensity of the created energy is measured and 

compared to a reference so that the concentration of each element can be determined.   

5.7 Tensile testing 

To ensure that the weld metal not is weaker than the rest of the materials tensile testing is made, one 

for each sample. The specimen is taken transversely from the weld joint so that the weld axis remains 

in the middle of the parallel length of the specimen, see figure 14 and figure 15. It is important that the 

mechanical or thermal processes to produce the specimen do not affect the properties of the specimen 

in any way. It is also important that the surface is free from notches or scratches that otherwise could 

induce a fracture.  During a tensile testing is the specimen is subjected to a continuously growing 

tensile load in room temperature until fracture occurs.   

 

Figure 14, Schematic sketch of a tensile test specimen. 

 

Figure 15, Schematic sketch of how the bend test specimen and tensile test specimen are located. 
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5.8 Bend testing 

Bend tests are made in order to determine if the welded samples are ductile enough. The bend tests are 

made according to the standard SS-EN ISO 5173. A specimen is taken transversely from the welded 

joint and deformed plastic by bending, see figure 14. The tests were made in room temperature. The 

bend tests are made in two directions on each sample; transverse face bend test and transverse root 

bend test. All the samples were bent to an angle of 180 °.  

5.9 Hardness measurements  

A simple and economical way to characterize the mechanical properties and microstructure is by 

performing hardness measurements. By performing hardness measurements the highest and lowest 

levels of hardness can be determined. In dissimilar metal welds the hardness level of parent metals and 

weld metal are determined. The most interesting part is where the transition from parent metal to weld 

metal takes place and in the root bead of the weld.  

A cross-section from each sample is taken transverse the weld by mechanical cutting. It is important 

that the preparations of the samples do not affect the surface metallurgical by hot or cold work. After 

the samples are cut they are grinded and polished in order to make as good preparation as possible. 

The numbers of indentations need to be enough to assure that hardened and softened zones are tested, 

i.e. that the indentations do not affect each other. The hardness indentations are performed in rows at 

three different positions of the weld; the root bead, the first weld bead and the top weld. The samples 

are tested with HV 0.5, except for sample 1 which is tested with HV 1. HV 0.5 means that 0.5 kg load 

is applied during the hardness measurement, corresponding to 1 kg for HV 1.  
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6. RESULTS 

6.1 Calculations with the Schaeffler constitutional diagram 

In the Schaeffler diagram, figure 16, the nickel equivalent is represented on the y-axis and the 

chromium equivalent is represented on the x-axis. By plotting the points of the parent metals and filler 

metal in the Schaeffler diagram, see figure 16, it is easy to get an overview of the composition range 

by drawing tie lines between the points. The low alloyed steel, 15Mo3, is located in the martensitic 

and ferritic area. The other parent metal, the stainless steel, 316L, is located in the 100 % austenitic 

area, just on the edge to the austenitic and ferritic area. The blue tie line in figure 13 represents the 

composition if only the two parent metals are melted together at different dilution ratios, which goes 

from the ferritic and martensitic area, through the 100 % martensitic area. After that the blue tie line 

comes in an area of austenite and martensite and will for the 316L end up in the 100 % austenitic area. 

If the two parent metals contribute equally and are mixed together equally the structure will be 100 % 

martensitic.  

The filler metal, P5, have a structure of around 7 % ferrite and 93 % austenite. The red tie line 

represents how the structure will vary with different dilutions of the filler metal. With the assumption 

that the parent metals contributes by 30 % to the dilution the root bead will give a 100 % austenitic 

structure, just on the edge to have a small amount of ferrite in the structure. The first weld bead will 

get 30 % of the dilution from the metal in the root bead and 70 % from the filler metal, which will give 

a structure of around 2 % ferrite and 98 % austenite. The following weld beads, 3 to 8, are located 

very close to each other and they will have a structure of around 7 % ferrite and 93 % austenite. All 

the weld beads except from the root bead fulfill the criteria of 2-10 % ferrite in the weld bead 

structure.  

 

Figure 16, Schematic figure of the calculations with the Schaeffler constitutional diagram [16] 
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6.2 Non-destructive testing 

Both the penetrate test and the radiographic test are made and approved by the accredited laboratory 

DEKRA Industrial [27]. For testing and acceptance procedure see part 5.2. See appendix F for the 

protocol from the radiographic test and appendix G for the protocol from the penetrant test. 

6.3 Macroscopic and microscopic examination 

The samples were made with two different edge preparations, the V-joint for the ones with gap and U-

joint for the ones without gap. The different edge preparations will give the samples a slightly 

different appearance, which are shown in figure 17-19. Figure 17 shows the V-joint in sample 5, and 

figure 18 and 19 shows the U-joint in sample 2 and 6. In figure 15 the HAZ is shown clearly. The 

transition from unaffected parent metal to a decrease in grain size and the line between the parent 

metal and weld metal is clearly shown. In figure 17 and 19 the weld metal is etched and if one looks 

carefully the individual weld beads are shown. In figure 18 the low alloyed steel is etched and an 

overview of the HAZ and the transition unto unaffected low alloyed steel.  

 

Figure 17, overview of sample 5 with etched weld metal (2x) Figure 18, overview of sample 2 with etched low 

alloyed steel (2x) 

 

Figure 19, overview of sample 6 with etched weld metal (2x) 

The microstructure of all the samples looks similar in the microscopic evaluation. The microstructure 

of the unaffected low alloyed steel in sample 1 is seen in figure 20 and 21. Figure 21 is an enlargement 

of figure 20. A piece of sample 2 is shown in figure 22, the top of the weld with the weld metal on the 
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left hand side, diagonally in the figure is the transition zone to the stainless steel. The austenitic grains 

can be seen very clearly in the stainless steel parent metal on the right hand side in figure 22.  

 

Figure 20, unaffected low alloyed steel in sample 1 (10x) Figure 21, unaffected low alloyed steel in sample 1 

(50x) 

 

 

Figure 22, in the top weld of sample 2, weld metal and  

stainless steel (20x) 

The purpose of a weld is to join two pieces of metals and that the weld will have at least as good 

mechanical properties as the parent metals. A good dilution between the parent metals and the filler 

metal will help to achieve a weld metal with sufficient mechanical properties. Figure 23 is taken from 

sample 3 and shows the stainless steel on the left hand side and the weld metal on the right hand side. 

Figure 24 is an enlargement of the weld metal in sample 3 and there is a piece of low alloyed steel in 

the weld metal that has not got molten up and mixed with the weld metal properly.  
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Figure 23, in the root of sample 3, transition from Figure 24, in the root of sample 3, part of low alloyed steel 

stainless steel to weld metal (5x)   that is not dissolved in the weld metal (10x) 

 

Figure 25 shows a part of sample 4 with the stainless steel on the left hand side and the weld metal on 

the right hand side. The transition from parent metal to weld metal is shown on the diagonally in the 

picture and happens rather quickly. A clear line where the stainless steel ends and the weld metal starts 

is shown in figure 25. Since the HAZ is as important as the weld metal it needs to be studied and the 

structure of the HAZ is described earlier in the report. In figure 26 the HAZ of sample 5 is viewed at 

the top side of the weld on the low alloyed steel side. It is clearly seen that closest to the weld metal 

the coarse grained zone is located with its grain growth. After the coarse grained zone the normalized 

zone is located with its fine grained structure. An increase in grain size starts gradually and the 

partially transformed zone is entered. Finally the unaffected low alloyed steel is viewed in the lower 

right corner.  

 

Figure 25, in the top of sample 4, transition from Figure 26, in the top of sample 5, HAZ on the low  

stainless steel to weld metal (20x)   alloyed steel side (5x) 

 
The two figures 27 and 28 shows the difference of the two different parent metals and their transition 

to the weld metal. Figure 27 shows the transition from low alloyed steel with its typical mixed 

structure of ferrite and perlite and the transition to weld metal with a decrease of ferrite. An 

enlargement of the grain size is seen just before the solid/liquid transition zone in figure 27. Figure 28 
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shows the weld metal to the left and the transition to stainless steel in the middle of the figure, there 

are the austenitic grains seen very clearly.  

 

Figure 27, low alloyed steel and the transition to weld  Figure 28, stainless steel and transition to weld metal in 

metal in sample 6 (50x)    the root of sample 6 (5x) 

 

6.4 Chemical analysis with EDS 

Chemical analysis was performed on all the samples at three different positions in the weld, one in the 

root bead, on in the first weld bead and one in the top weld. The results are presented in diagrams 

below with the low alloyed steel on the left hand side in the figure, the weld metal in the middle and 

the stainless steel on the right hand side. The iron content is displayed on the secondary x-axis on the 

right hand side in the diagrams. The distance between the measuring points are 0.25 mm, the energy 

used for the analysis was 20 kV and the volume of excitation was 1 μm3. The time for analyzing one 

measuring point was set to 30 s.  

Since OKG do not have the equipment to do the measurements themselves, samples were sent to 

SWEREA KIMAB. Some of the results may be questioned if they really belong to that position of the 

weld. Like the root bead of sample 2 welded without gap should have a weld metal that is 11 mm wide 

is not possible, especially compared to the actual weld where the root bead is measured to around 5 

mm. However, the chemical analysis of the samples does look as expected excluding the width of the 

different weld beads.  

6.4.1 Chemical analysis of sample 1 

Figure 29, figure 30 and figure 31 are diagrams for the chemical analysis in sample 1 which is welded 

in horizontal position with 1.5 mm gap in the root. All three measurements display the transition from 

low alloyed steel to weld metal, figure 31, for the top weld bead also displays the transition from weld 

metal to stainless steel. The most remarkably in the chemical analysis of sample 1 is in the root bead, 

figure 29, where it is an abruptly increase of molybdenum and manganese in the transition from low 

alloyed steel to weld metal. The width of the weld metal in figure 29, root bead, is according to the 

diagram more than 11 mm which could be questioned. Otherwise the diagrams from the first weld 

bead and top weld bead looks as expected the analysis is a bit more unstable in the first weld bead, 

figure 30, and in the top weld bead, figure 31, compared to the root bead, figure 29.  
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Figure 29, chemical composition in root bead of sample 1 
 

 
 

Figure 30, chemical composition in the first weld bead of sample 1 
 

 
 

Figure 31, chemical composition in top weld bead of sample 1 
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6.4.2 Chemical analysis of sample 2 

Figure 32, figure 33 and figure 34 are diagrams for the chemical analysis in sample 2 that is welded 

without gap in the root and in horizontal position. The diagram for the root bead, figure 32, shows the 

transition from low alloyed steel to weld metal and then to stainless steel. The root bead of sample 2 

welded without gap should have a weld metal that is 11 mm wide is not possible, especially compared 

to the actual weld where the root bead is measured to around 5 mm. The diagram for the first weld 

bead and the top weld bead, figure 33 and figure 34, shows the transition from low alloyed steel to 

weld metal. The analyses for the first weld bead and top weld bead have a few peaks of chromium and 

molybdenum at the same time as the nickel content drops. Otherwise the analyses are as expected.  

 
 

Figure 32, chemical composition in root bead of sample 2 
 

 
 

Figure 33, chemical composition in first weld bead of sample 2 
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Figure 34, chemical composition in top weld bead of sample 2 
 
At the same time as the chemical analyses were done, a series of SEM-pictures were taken. A 5 μm 

wide irregularity in form of lack of fusion can be seen in the SEM-picture of sample 2, see figure 35. 

However, this irregularity is too small to make the weld weaker.  

 

Figure 35, SEM-picture of sample 2 
 
6.4.3 Chemical analysis of sample 3 

Figure 36, figure 37 and figure 38 displays the chemical analyses for sample 3 that is welded with 1.5 

mm gap in vertical position with the stainless steel on top. All analyses have the transition from low 

alloyed steel to weld metal and in the first weld bead, figure 37, the transition from weld metal to 

stainless steel is also shown. The analysis in the root bead of sample 3, figure 36, have smooth 

variations due to fewer measuring points compared to the other analyses, but otherwise it looks as 

expected. The first weld bead, figure 37, has a few higher peaks in the chromium and molybdenum at 

the same time as the nickel content goes down. In the top weld, figure 38, the chromium, nickel and 

molybdenum content goes up over the expected value just in the transition from low alloyed steel to 

weld metal after that the values are stable. 
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Figure 36, chemical composition in root bead of sample 3 

 
 

Figure 37, chemical composition in first weld bead of sample 3 
 

 
 

Figure 38, chemical composition in top weld bead of sample 3 
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6.4.4 Chemical analysis of sample 4 

Figure 39, figure 40 and figure 41 displays sample 4 that is welded without gap in vertical position 

with the stainless steel on top. The chemical analysis of the root bead, figure 39, shows the transition 

from the root bead to weld metal and then to the stainless steel. The width of the weld metal in figure 

39, root bead, is according to the diagram more than 10 mm which could be questioned. In figure 40, 

the chemical analysis of the first weld bead is very irregular both in the low alloyed steel and 

especially in the weld metal. In the top weld bead, figure 41, on the other hand rather stable.  

 
 

Figure 39, chemical composition in root bead of sample 4 
 

 
 

Figure 40, chemical composition in first weld bead of sample 4 
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Figure 41, chemical composition in top weld bead of sample 4 
 
6.4.5 Chemical analysis of sample 5 

Figure 42, figure 43 and figure 44 displays the chemical analyses of sample 5 that is welded with 1.5 

mm gap in reversed vertical position with the low alloyed steel on top. All three chemical analyses 

show the transition from low alloyed steel to weld metal. The analysis for the root bead, figure 42, is 

rather stable. Figure 43 shows the analysis for the first weld bead that also is rather stable, a little 

increase of chromium, nickel and molybdenum just after the transition to weld metal. The analysis in 

the top weld bead, figure 44, shows the same behavior as the first weld bead with the increase of 

chromium, nickel and molybdenum. The width of all the weld metals, root, middle and top are, 

compared to the other samples, much smaller which could be questioned if they really are belonging to 

this sample.  

 
 

Figure 42, chemical composition in root bead of sample 5 
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Figure 43, chemical composition in first weld bead of sample 5 
 

 
 

Figure 44, chemical composition in top weld bead of sample 5 
 
6.4.6 Chemical analysis of sample 6 

Figure 45, figure 46 and figure 47 display the chemical analyses of sample 6. The chemical analysis in 

the root bead, figure 44, shows the transition from low alloyed steel to weld metal and then to the 

stainless steel. Figure 46, the chemical analysis in first weld bead is very irregular in the weld metal 

with a dip of the chromium and nickel content and at the same time a top in the iron content. The 

chemical analysis of the top weld bead, figure 47, shows the transition from low alloyed steel to weld 

metal, and then a very thin section of weld metal before a transition to stainless steel. Such a small 

weld metal width of the top weld compared to the width of the weld metal in the root bead could be 

questioned if they are not mixed up. 
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Figure 45, chemical composition in root bead of sample 6 
 

 
 

Figure 46, chemical composition in first weld bead of sample 6 
 

 
 

Figure 47, chemical composition in top weld bead of sample 6 
 
  

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16
18
20
22
24

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 C
he

m
ic

al
 c

om
po

si
tio

n 
of

 F
e 

[w
t-

%
] 

C
he

m
ic

al
 c

om
po

si
tio

n 
[w

t.%
] 

Distance [mm] 

Chemical analysis in root bead of sample 6 

Si

Cr

Mn

Ni

Mo

Fe

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16
18
20

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 C
he

m
ic

al
 c

om
po

si
tio

n 
of

 F
e 

[w
t-

%
] 

C
he

m
ic

al
 a

na
ly

si
s [

w
t-

%
] 

Distance [mm] 

Chemical analysis in 1st weld bead of sample 6 

Si

Cr

Mn

Ni

Mo

Fe

0

20

40

60

80

100

0
2
4
6
8

10
12
14
16
18
20
22
24

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

C
he

m
ic

al
 c

om
po

si
tio

n 
[w

t-%
] 

Distance [mm] 

Chemical analysis in top weld bead of sample 6 

Si

Cr

Mn

Ni

Mo

Fe



 

35 

 

6.5 Tensile testing 

Tensile tests were performed on the samples with the weld positioned in the center of the specimens. 

The samples were prepared according to the schematic sketch in figure 48, with the total length of Ltot, 

the width, b, and the waist length, Lc. The exact measurements of the specimens taken from the 

different samples are specified in table 10. Figure 49 shows the set-up of the tensile test specimen in 

the machine. The weld was located in the middle of the test specimen, despite that the fracture 

occurred in the low alloyed steel, see figure 50. The yield strength and the ultimate tensile strength for 

the specimens from the different samples are listed in table 11. The yield strength has a range from 

359-392 MPa and the ultimate tensile strength has a range from 527-536 MPa.  

 

Figure 48, Schematic picture of a test specimen 

Table 10, Parameters of tensile tests specimens  

Sample b [mm] Ltot [mm] Lc [mm] 
1 4.95 80.4 32 
2 4.99 73.2 32 
3 4.96 81.0 32 
4 4.94 77.5 32 
5 4.98 80.4 32 
6 4.96 83.2 32 
 

 

Figure 49, Set-up of tensile testing  Figure 50, Tensile test specimen after testing 
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Table 11, Yield strength and ultimate tensile strength of sample 1 to 6 

Sample Rp0.2 % [MPa] Rm [MPa] 
1 385 530 
2 359 527 
3 374 532 
4 392 536 
5 392 529 
6 389 536 

6.6 Bend test 

The bend tests were executed according to standard SS-EN ISO 5173:2009 and evaluated according to 

standard SS-EN ISO 15614-1:2004 that covers the specification and qualification of welding 

procedures for metallic materials – Welding procedure test – Part 1: Arc and gas welding of steels and 

arc welding of nickel and nickel alloys. In standard SS-EN ISO 15614-1:2004 it is stated that flaws 

appearing at the corners of the test specimen shall be ignored in the evaluation. It is also stated that 

flaws larger than 3 mm in any direction is a disapproved test specimen. The approved and disapproved 

test specimens are listed in table 12. Figures 51 and 52 shows a test specimen during bend testing and 

figure 53 shows a fully tested specimen. To be able to see if any flaws occurred during the bend test a 

penetrant test was made on the samples, see appendix H for all details about the penetrant testing 

procedure. In sample 2 one indication of approximately 16 mm could be detected, see figure 54. In 

sample 6 two linear indication was detected of approximately 4 mm and 3 mm with a interspace of 2-3 

mm between them, see figure 55. The other samples, sample 1, 3, 4 and 5 had no indications occurred 

during the bend test.  

Table 12, Approved and disapproved bend tests 

Sample Approved bend test Disapproved bend test 
1 X  
2  X 
3 X  
4 X  
5 X  
6  X 
 

 

Figure 51, Bend test  Figure 52, Bend test  Figure 53, Bend tested sample 
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Figure 54, Penetrant testing of sample 2  Figure 55, Penetrant testing of sample 6 

6.7 Hardness measurements 

Hardness measurements were made at the same places as the chemical analysis, in the root bead, the 

first weld bead and the top weld. Figure 56 shows the hardness indentations that remain after the 

measurements. The distances between the measuring points varies, they are closer in the HAZ and the 

transition from parent metal to weld metal. The graphic illustrations of the hardness in figure 57-62 

give a good overview of how the hardness varies over the sample. The highest values are found close 

to the transition from parent metal to weld metal and in the root bead.  

 

Figure 56, SEM-picture of the hardness indentations. 

 

Figure 57, Hardness profile of sample 1 
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Figure 58, Hardness profile of sample 2 

 

Figure 59, Hardness profile of sample 3 

 

Figure 60, Hardness profile of sample 4 

 

Figure 61, Hardness profile of sample 5 

 

Figure 62, Hardness profile of sample 6 
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Figure 63-68 shows the hardness values measured at the three different positions of the different 

samples. The average hardness value in the root bead is between 172-242 HV, with an exception for 

sample 2 and sample 6 that has increased hardness in the root bead to 411 HV respectively 363 HV.  

In the first weld bead the average hardness is 150-230 HV, slightly lower than in the root bead. 

Sample 6 has an increased hardness of 266 HV in the first weld bead.  

In the top weld of the samples, the average hardness is 160-249 HV. Sample 6 have a peak in hardness 

that is 363 HV in the top weld. Since the hardness measurements were outsourced to SWEREA 

KIMAB it is not possible to say which side of figures 63-68 that belongs to the low alloyed steel 

versus the stainless steel.    

 

Figure 63, Hardness profile of sample 1 

 

Figure 64, Hardness profile of sample 2 
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Figure 65, Hardness profile of sample 3 

 

Figure 66, Hardness profile of sample 4 

 

Figure 67, Hardness profile of sample 5 
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Figure 68, Hardness profile of sample 6 
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7. DISCUSSION 

The preparations before welding are important such as the structure in the weld metal. Therefore, a 

discussion will be made about the use of the Schaeffler diagram and the importance in the choice of 

filler metal. The welded samples are evaluated and therefore the following are discussed; the structure 

in the samples, the chemical analysis and the mechanical properties of the welded samples.  

7.1 The use of the Scheffler diagram  

The Schaeffler diagram [12] gives a good indication on how the microstructure in a weld metal 

develops, especially for dissimilar metal welds. As in this case, if the dilution with the filler metal is 

not sufficient the structure will most likely end up in the martensitic or martensitic and austenitic area 

instead of the desired austenitic and ferritic area, see figure 16. The root bead and the transition from 

low alloyed steel to weld metal are the most likely places to find an unwanted structure like 

martensite.  

The technical regulations for mechanical equipment [5] have the requirement of at least 1.5 mm gap to 

ensure that enough filler metal is diluted in the root bead, see page 1. So the samples welded without 

gap (sample 2, 4 and 6) has an increased risk of ending up with an unwanted structure in the root bead. 

In the transition from low alloyed steel to weld metal, carbon from the low alloyed steel could 

accumulate enough to create martensite.  

7.2 The choice of filler metal 

As Hajiannia et al. [21] shows in their study, a nickel base filler metal has advantages when welding a 

dissimilar metal weld between low alloyed steel and stainless steel. However, the nickel based filler 

metal also has some disadvantages, which are the cost, the risk for hot cracks and IGSCC. Therefore, 

at the Swedish nuclear power plants, the nickel based filler metal 182 is not permitted without 

approval from the licensee according to TBM. [5] So in cases where the nickel based filler metal is not 

necessary the austenitic stainless steel filler metal like 309LMo is a better choice.  

7.3 Structure in the samples 

The optical microscopy, see figure 20-28, shows that all welds are free from martensitic areas, but 

small pieces of un-melted low alloyed steel are found adjacent to the transition from low alloyed steel 

to weld metal, see figure 24. The un-melted parts of low alloyed steel should not affect the strength of 

the welds.  However, only one cross section of each sample is evaluated which makes it possible to 

have other microstructures on other places in the sample. 

7.4 Chemical analysis of the samples 

The chemical analysis, see figure 29-47, shows that at several places in several samples an increased 

chromium and molybdenum content and the same time a decrease of nickel content, which indicates 

that the measurements are made inside a ferritic area. The element that stabilizes ferrite is chromium, 

molybdenum, silicon, niobium and titanium. The element that stabilizes austenite is nickel, carbon and 

manganese as one can see in the Schaeffler diagram, figure 16. According to the Schaeffler diagram 
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[12] the weld metal should contain around 7 % ferrite, so the possibility to end up in a ferritic area is 

rather big.  

However, the results from the chemical analysis can be questioned if they belong to the right position 

or the right sample. The length of the measurements does not correspond to the actual length of the 

weld. Since the chemical analysis is made by KIMAB can the results not be verified any closer.  

7.5 Connections between the mechanical properties 

The fact that the fracture in the tensile tests occurred in the low alloyed steel and outside the heat 

affected zone also indicates of a weld metal and heat affected zoned with desirable mechanical 

properties, see figure 50. A weld with an unwanted structure in the root bead or the transition zone to 

parent metal would have the fracture there instead. However, the entire cross section of the weld was 

not tested in the tensile testing due to the shape of the tensile test specimens. Therefore, a root bead 

with insufficient dilution with the weld metal is not possible to test with these kinds of tensile testing. 

Instead bend tests were performed on all the samples, both to test the root and the top side of the weld, 

see page 45-46. Two of the specimens in the transverse root bend test were not approved, see figure 

54-55, the two specimens were welded without gap so the conclusion is that there was not enough 

dilution with the weld metal. Even though that the welds without gap is a U-joint instead of a V-joint. 

An increased hardness in the root bead can occur due to the faster cooling rate in the root bead 

compared to the other welds in a multi-pass weld.  

A connection to the disapproved bend tests could be drawn to the hardness measurements, the 

hardness in the root bead of the two disapproved bend tests are unacceptable high with 411 HV and 

363 HV respectively in sample 2 and sample 6, see figure 61 and 65. In comparison to the other 

samples, an increased hardness can be seen in the root bead as well as in the transition zone from 

parent meal (most likely low alloyed steel) to weld metal, see figure 54-59. Other fluctuations in the 

hardness can have occurred due to the mixed structure of austenite and ferrite or other particles in the 

weld metal. No connection between the hardness measurements of sample 2 and 6 can be drawn to the 

chemical analyses of the samples. The transition from parent metals to weld metal is very sharp, but 

that is the case for all six samples see figure 26-44. 
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8. CONCLUSIONS 

One important conclusion that can be drawn from this study that the welding position does not affect 

the structure and mechanical properties of the weld metal in any noticeable way. This means that the 

criterion in the technical regulations for mechanical equipment that welding should be made in 

horizontal position is not that necessary. One other important conclusion is that the criteria of a 1.5 

mm gap seem to be very important, which can be seen from the results of the bend testing and 

hardness measurements. The samples welded without gap was a U-joint to increase the dilution with 

the filler metal in the root bead, but that appeared to not be enough to get a good dilution. A 

suggestion to the new version of the technical regulations for mechanical equipment could be 

something like this; ”For dissimilar joints, there shall be a gap of at least 1.5 mm between the weld 

ends before start of the welding.”  

The conclusions from the study could be summarized to:  

 The welding position, horizontal, vertical or reversed vertical does not affect the weld in any 

noticeable way.  

 The gap and a good dilution with the filler metal are extremely important.  
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APPENDIX A: MATERIAL CERTIFICATE 316L 
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APPENDIX B: MATERIAL CERTIFICATE 15Mo3 
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APPENDIX C: MATERIAL CERFTIFICATE AVESTA P5 2.4 mm  
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APPENDIX D: MATERIAL CERFTIFICATE AVESTA P5 1.6 mm 
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APPENDIX E: WELDING PROCEDURE SPECIFICATION 
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APPEDIX F: TEST PROTOCOL RADIOGRAPHIC TESTING 
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APPENDIX G: TEST PROTOCOL PENETRANT TESTING 
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APPENDIX H: TEST PROTOCOL BEND TESTING 

 

 
 



 

89 

 

89

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

www.kth.se 
 


