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Abstract 
Structural components used in the steam power plants are often operated under extremely harsh environ-ment, and variable thermal and mechanical load conditions. Steam headers are one such critical component. They are used to carry steam from the boiler to different process sections in the plant. These components are quite prone to creep cavities, hydrogen embrittlement and cracking in the heat affected zone (HAZ) of the weld joints. Therefore, it is mandatory to regularly evaluate their quality condition, including the prediction of their residual life. Herewith, research methods are applied to investigate the imperfections and metallurgical features of a multipass orbital weld joint between the sub-components: steam header and drain pocket; from an ex-service component which has been under operation for more than 290 000 hours, operating under high temperature (approx. 510 °C).  
This work is focused on one weld specimen extracted from a strategically relevant position along the orbital weld joint, encompassing the weld zone and base material from both sub-components. The material of both, the steam header and drain pocket sub-components, is a DIN 13CrMo4-5 steel which is a heat resistant low alloy ferritic-pearlitic steel, with Cr and Mo being the strengthening elements. Although the steam header and drain pocket are made from the same material, they are originally obtained via different manufacturing tech-niques. This is evident from the analysis of the microstructures of the base materials, and its helps to under-stand the effect of the weld thermal cycles on the base material.  
The effect of the thermal cycles from the multipass weld joint, and service loading history, is assessed at the weld zone (fusion zone and HAZ), and base materials of both sub-components, at near- and far-field from the HAZ. The effective chemical composition of the ex-service sub-components was evaluated using Optical Emission Spectroscopy. Vickers hardness measurements are conducted to evaluate the evolution within the cross-section of the weld and for different directions of the sub-components’ base materials. Optical micros-copy is implemented to evaluate the base materials of both sub-components. Scanning Electron Microscopy is conducted within the weld zone to characterize the different microstructure features and imperfections. For the inclusions Energy Dispersive Spectroscopy was used to evaluate the contribution from the chemical com-position.  
Finite element modelling was used to replicate the thermal cycles from the sequence of 21 multiple passes forming the weld joint. The peak temperatures and cooling rates are assessed at zones of interest, namely at the high- and low-hardness zones and zones with high hardness gradients. Weld parameters and joint design are assumed based on the macrograph analysis and literature review. The results on imperfections, metallur-gical features and finite element modelling are discussed and analysed in a systematic approach. 

Keywords: Ex-service steel; DIN 13CrMo4-5; Power plant; Microstructure; Imperfections; Hardness; SEM; 

EDS, OES; Thermal history; Finite element modelling; Sysweld; Multipass weld; GMAW. 
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1 Introduction 
1.1 Scope of the thesis 

This thesis presents the characterization of the multipass weld in an ex-

service component of a steam power plant. Structural components, 

such as, steam headers and pressure vessels, operate under harsh and 

cyclic multi-physical loading conditions, including thermal, mechani-

cal and chemical loading. As result, they are prone to creep cavitation, 

hydrogen embrittlement, weld cracking, stress-corrosion, and other 

degradations of the material condition. Investigation for damages oc-

curring inside the material during and post service is of paramount im-

portance to understand the damage mechanisms.  

Microstructural characterization using conventional optical micro-

scope (OM), scanning electron microscopy (SEM) and energy disper-

sive spectroscopy (EDS) is conducted for the weld sample and for the 

far field zone which is considered as base material. This is done in tan-

dem with Vickers hardness measurements to evaluate the hardness 

field in both the zones.  

To understand the original thermal history in the various sub-zones of 

the multipass weld, a thermal analysis with finite element (FE)-based 

modelling is implemented. This analysis is carried on using ESI 

Group’s Visual Environment package. This package consists of a mesh-

ing engine, Visual Mesh, a finite element solver SYSWELD and a post 

processing engine namely Visual Viewer.  

This thesis is brought forward on the scope of the research project 

AKA/EARLY (funded by Academy of Finland) at Aalto University. The 

aim is to investigate early imperfections in advanced chrome-moly low 

alloy steels for power plants, such DIN 13CrMo4-5 and ASTM A335 

Grade P91. This project also aims to evaluate the feasibility of using 

hydrogen-as-a-probe, in the scheme of materials safety analysis and 

non-destructive testing, to detect early imperfections.  

1.2 Workplan and objectives 
The objectives of this thesis are summarized as follows:  

➢ Investigating the history of an ex-service component: steam header 

and drain pocket, which includes its manufacturing, and operating 

conditions.  
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➢ Extraction and preparation of weld samples. Based on these weld 

macrographs, geometric characterization of the weld zone (and sub 

zones) is done.  

➢ Construction of the 3D model of the steam header and drain pocket 

component succeeded by a discretized model for numerical analy-

sis.  

➢ Metallurgic, hardness and OES analysis for the base material ex-

service component.  

➢ Metallurgic, hardness and OES analysis for the weld zone in ex-

service component.  

➢ Selection of weld parameters for the simulations based on litera-

ture available.  

➢ Validation and post-processing of numerical model.  

➢ Critical analysis of the results.  

1.3 Organization of the thesis 
Chapter 2 provides information on the state-of-the-art in similar kind 

of materials, analysis, and numerical modelling based on which further 

investigation is planned. Chapter 3 describes the experimental condi-

tions, equipment, and procedure for the different characterization 

tools used in the thesis. Chapter 4 provides the information about the 

history of the testing component including manufacturing, operating 

conditions, and geometric assumptions for weld joint. Chapter5 and 6 

describe the actual experiments and investigations conducted pertain-

ing to the ex-service component. This includes hardness evaluation, 

metallurgical characterization, welding condition assumptions and nu-

merical modelling of the weld. Finally, in the chapter 7 global analysis 

of the results from previous chapters and future developments are dis-

cussed, and annexes are attached.  
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2 Literature review 
2.1 Failure analysis in power plant components and steels for high temperature applications 

Power plants are the backbone of the developing world. They provide 

us the electric power which has enabled the development of millions of 

devices. It is one of the most convenient forms of energy [1]. Power 

plants could be of many types including coal fired power plant, oil fired 

power plant or a nuclear power plant. Components such as boilers, tur-

bines, generators, condensers are common to all the power plants and 

many of which work under harsh operating conditions. These power 

plants around the world work for long durations for example 30 to 40 

years at least [1].  To maintain the efficiency of these power plants and 

to extend its operation life, condition of the components working under 

high thermal and mechanical loading conditions (creep regime)  need 

to be evaluated regularly. During the evaluation of these components, 

checking the quality of the materials is extremely important [2].  

To enhance the thermal efficiency of the power plants it was imperative 

to increase the steam temperature and pressure which also helps in 

saving of costly fuel. This led to the necessity of development of the 

creep resistant steels [3, 4]. The most used steels for high temperature 

application include austenitic stainless steels, C-Mo, Cr-Mo, Cr-Mo-V, 

and Mn-Cr steels. Our focus will be more towards Cr-Mo steels because 

parent material for our component is 13CrMo4-5 which is a heat re-

sistant low alloy ferritic pearlitic steel and Cr and Mo being the 

strengthening elements. These type of steels operate in temperatures 

leading to 560°C and pressures of several dozen MPa.[5].  

Cr-Mo steels acquire their creep strength solid solution strengthening 

of the matrix ferrite by C, Mo, and Cr; and precipitation hardening of 

carbides [1]. There are many studies conducted with 13CrMo4-5 mate-

rial regarding the material degradation and evaluation of its condition 

after long service life. It was observed that after 420 000 hrs of service 

and operating temperature of approximately 510°C marginal degrada-

tion of the microstructure which includes carbide precipitation at grain 

boundaries and fragmentation of carbides in grains of pearlite [6]. 

Chromium and Molybdenum rich carbides were observed in 13CrMo4-

5 material post 23000 hours of service although no creep cavitation 

was observed [7]. Due to creep reduction in material strength was also 

observed after a service of 200 000 hours of service in 14MoV6-3 steels 

and post 140 000 hours of service in 13CrMo4-5 material [8].  



11 

 

Steam headers are one of the critical components used in boiler sec-

tions. Multiple sections of steam header are used to transport steam 

from the boiler to various consumption point in the process plants. To 

these headers multiple tubes are welded. Due to long term service un-

der high temperature and pressure welds become particularly suscep-

tible to creep in weldments and in ligaments which is basically the 

space between different tubes. Majority of the cracks are marked 

clearly by presence of creep cavitation, and they can occur in either 

coarse grained heat affected zone or inter critical zone. Creep cavitation 

can occur by combined accumulation of residual stresses, bending 

stresses and hoop stresses [1, 9]. In one of the failure analyses of a mul-

tipass thick-walled component made of 2.25Cr-1Mo-0.25V used in pet-

rochemical industry it was observed that it had some crack like defects 

present in the weld zone which was attributed hydrogen cold cracking 

mechanism. This occurred due combined effect of improper heat treat-

ment, high hydrogen content in electrode and presence of residual 

stress due to improper clamping of the component [10] 

2.2 Fusion welding and metallurgic aspects  
2.2.1 Fundaments, power distribution and energy calculations in electric arc welding 

Fusion welding process and solid state welding are two major welding 

techniques according to the processing temperature at the place of joint 

formation [11]. In fusion welding process the joint is formed in the mol-

ten state of the base material and filler metal. Fusion welding includes 

different techniques like, (Shielded Metal Arc Welding) SMAW, (Gas 

Metal Arc Welding) GMAW, (Gas Tungsten Arc Welding) GTAW, 

(Metal Inert Gas/Metal Active Gas) MIG/MAG. Solid state welding in-

volves the joining of two materials by application of pressure under the 

melting point temperature of both the base metal and filler metal [12]. 

Due to its low operating cost, simple usage and adaptability MIG/MAG 

is one of the most used welding techniques around the globe. A simple 

schematic of MIG/MAG welding is presented in Figure 1. It involves 

consumable electrode which acts as filler metal wire. Electric arc be-

tween electrode and base metal can be formed via (Direct Current Elec-

trode Negative) DCEN or (Direct Current Electrode positive) DCEP. In 

normal welding conditions direct current electrode positive mode is 

used. It provides a more stable electrical arc between base metal and 

electrode because the electrons tend to travel from the base material to 

the electrode. In addition to that it provides a positive ion cleaning 
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effect leading to good penetration and fluid weld pool [12]. Heat input 

(J/mm) for electric arc process can be calculated as follows: - 

 𝐻𝐼 =
60×𝑈×𝐼

𝑣
 (1) 

Where U stands for voltage applied in Volts, I stands for the current in 

Amps, and 𝑣 is the travel speed in mm/min. 

 

Figure 1 Schematic of MIG/MAG welding process[13] 

2.2.2 Metallurgic features in single and multipass welding 
Fusion welding processes consists of multiple heating and cooling cy-

cles. These thermal cycles and temperature fields can have a major in-

fluence on the metallurgical and chemical reactions taking place inside 

the parent material as well as the filler metal [14]. These changes also 

affect the resultant mechanical properties [14]. The domain in which 

these changes occur is referred to as Heat Affected Zone or (HAZ).  

Heat affected zone can be divided into various subzones as shown in 

Figure 2. Formation and the properties of resultant HAZ can be at-

tributed to following: 

• Different thermal (heating and cooling due to movement of arc) 

cycles experienced by the base metal due to electric arc travel. 
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• Manufacturing method or processing of the base material prior 

to welding, for example if the material is in annealed or cold 

rolled condition [15, 16].  

• Presence of various alloying elements such as C, Mo, Mn, S, P, 

V, etc. in the base material. These elements can lead to the for-

mation of extreme soft or hard domains therefore for determin-

ing the weldability of the materials, hardenability is an im-

portant factor. Hardenability can be calculated by finding the 

carbon equivalent value or CEV as per IIW [17, 18] (Interna-

tional Institute of Welding). 

 𝐶𝐸𝑉 = 𝐶 +
𝑀𝑛

6
+

𝐶𝑟+𝑀𝑜+𝑉

5
+

𝑁𝑖+𝐶𝑢

15
 (2) 

With CEV lower than 0.35, no special precautions are needed 

(no preheat required) CEV higher than 0.42, special precau-

tions are needed (preheat required) 

This formula stands good for structural steels with above 0.18% 

C whereas for low carbon steels with C% less than 0.18% for-

mula given by Ito-Bessyo [15, 16, 19] is used which is as follows. 

 𝑃𝐶𝑀 =
𝑆𝑖

30
+

𝑀𝑛

20
+

𝐶𝑢

20
+

𝑁𝑖

60
+

𝐶𝑟

20
+

𝑀𝑜

15
+

𝑉

10
+ 5 B (3) 

  

Figure 2 Subdomains of heat affected zone for steels containing 

0.15% C corresponding to iron carbon phase diagram[15] 
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Figure 2 shows various subzones of heat affected zone which have dis-

tinct properties and features. Firstly, there is solidified weld metal con-

sisting of elongated grains due to epitaxial solidification of filler metal. 

Adjacent to solidified weld we have the fusion line or the transition 

zone with significant grain coarsening which leads to a major mismatch 

in the hardness values. Next to fusion line, Coarse Grained Heat Af-

fected Zone (CGHAZ) is present with peak temperatures well above AC3. 

Due to high cooling rates coarse austenitic grains often forms brittle 

phases especially in low chromium steels which form bainitic/marten-

sitic microstructure. Components working under creep regime are 

prone to cracking in coarse grained zone [3]. Next zone moving towards 

the unaffected base material is referred as Fine Grained Heat Affected 

Zone (FGHAZ) or recrystallized zone in which the peak temperatures 

are above AC3 but less than that of CGHAZ. Next to it is Inter Critical 

Heat Affected Zone (ICHAZ) is present in which the peak temperatures 

lie between the phase transformation temperatures AC1 and AC3 and fi-

nally Sub Critical Heat Affected Zone (SCHAZ) in which no recrystalli-

zation or phase transformation occurs and has minor changes in the 

microstructure are generally due to tempering effects.[3, 11, 16, 20]. 

Subdivisions mentioned previously are a simplified version of a much 

more complex microstructural phenomenon. 

For multipass welded structures, situation is much more complex due 

to the overlapping of multiple heat affected zones as shown in Figure 

3.For examples there is a completely new microstructure with very dif-

ferent properties when inter critical heat affected zone overlaps with 

the coarse grained heat affected zone. Of all the HAZ subzones in mul-

tipass welds intercritically  reheated coarse grained heat affected zone 

is of most significance because it exhibits low toughness generally [21]. 
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Figure 3 Overlapping of heat affected zone in multipass welds[22] 

2.3 Numerical modelling of fusion welding  
As discussed in section 2.2, the thermal gradients and temperature evo-

lution occurring during fusion welding process can have a huge impact 

on the mechanical properties. With the recent surge in computational 

efficiency Finite Element Analysis (FEA) can serve as an extremely use-

ful tool to predict or simulate these weld thermal cycles.[23] These sim-

ulations then can be further used to predict the thermal, metallurgical 

and mechanical effects such as distortion, residual stresses and re-

duced strength of structure due to welding, which are a major cause of 

distress for the manufacturing industry[23, 24]. These problems are 

acute in both thin and thick plates. Thin plates are used in automotive 

industry whereas thick plates are quite commonly used in marine and 

offshore industry[25]. 

To numerically simulate the welds, different types of power sources can 

be used. Rosenthal [26] was the first one to put forward the analytical 

model for welding in which the heat source or the power source was 

modelled as single point or line through the material. Point and line 
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heat sources were not very accurate in representing the actual welding 

heat flux as they did not match the geometry of the weld pool pre-

cisely[23, 27]. 

To overcome these problems, a model was developed by Pavelic et al. 

[28] which proposed that heat flux (W/m2) should be distributed over 

the surface in a form of gaussian distribution. This was called as ‘disc’ 

model. This model was a significantly better than point and line models 

but to better replicate the digging action of the arc in the molten zone 

of the weld volumetric heat distribution models were developed such 

as hemispherical power density distribution, ellipsoidal power density 

distribution and the most precise, double ellipsoidal power density dis-

tribution developed by Goldak [24]. Pamnani et al.[29] compared the 

thermal gradients and residual stresses between GTAW and SMAW 

process in DMR-249A steel using double ellipsoidal model in SYS-

WELD software. Choi J et al.[30] studied the deformation and residual 

stress evolution in an automotive muffler using the same power source 

model and same software. They concluded that simulated and experi-

mental results were in good agreement. This work also uses Goldak’s 

well proven double ellipsoid distributed heat source model. Analytical 

formulation for this model is provided in the following sections. 

Figure 4 shows double ellipsoidal model in isometric view consisting of 

front (yellow colour) and rear ellipsoid (green colour). Equation 5 and 

6 shows the volumetric heat flux distribution across the front and rear 

ellipsoid where Q is the heat input in watts (voltage × current × effi-

ciency); 𝑎𝑓, 𝑎𝑟, 𝑏𝑓 , 𝑏𝑟, 𝑐𝑟 and 𝑐𝑓 are the geometric specifications of the 

ellipsoid; 𝑟𝑓 and 𝑟𝑟 are the proportionality coefficients for distribution 

of heat in front and rear ellipsoids where 𝑟𝑓 +  𝑟𝑟 = 2. To maintain the 

condition of continuity of the volumetric heat source it is considered as 

𝑎𝑓=𝑎𝑟=𝑎 and 𝑏𝑓 = 𝑏𝑟 = 𝑏. Heat inside the material is transported as per 

the general heat conduction equation[30] given by equation 4 where 𝑞𝑉 

is the volumetric heat flux, k(T) is the thermal conductivity as a func-

tion of temperature, 𝑐𝑝(T) is the specific heat as a function of tempera-

ture and 𝜌(T) is density as a function of temperature. 

 
𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + 𝑞𝑉 = 𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
 (4) 

 𝑄𝑓(𝑥, 𝑦, 𝑧) =
6√3 𝑟𝑓𝑄

𝑎𝑓𝑏𝑓𝑐𝑓𝜋√𝜋
𝑒𝑥 𝑝 (−

3𝑧2

𝑐𝑓
2 −

3𝑥2

𝑎𝑓
2 −

3𝑦2

𝑏𝑓
2) (5) 

 𝑄𝑟(𝑥, 𝑦, 𝑧) =
6√3 𝑟r𝑄

𝑎r𝑏r𝑐r𝜋√𝜋
𝑒𝑥 𝑝 (−

3𝑧2

𝑐r
2 −

3𝑥2

𝑎r
2 −

3𝑦2

𝑏r
2 ) (6) 
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Figure 4 Double ellipsoid representation 

It is imperative to consider the convective and radiative heat losses in 

the numerical model. As we will see in section 6.3, all the exposed sur-

faces of the model were assumed to lose heat by natural convection 

which is calculated with the help of Newton’s law. 

 𝑞 = ℎ𝐶𝐴(𝑇𝑆 − 𝑇𝑎) (7) 

where 𝑞 is the heat transferred per unit time, ℎ𝐶  is the heat transfer 

coefficient; 𝑇𝑆 is the surface temperature; 𝑇𝑎 is the ambient tempera-

ture and 𝐴 is the area of the heat transfer surface. 

In addition to convective losses, radiative losses are also considered as 

per Stefan-Boltzmann law. 

 𝑞 = 𝜎𝑇4𝐴  (5) (8) 

Where 𝑞 is the heat transferred per unit time, 𝜎 is the Stefan Boltzmann 

constant 5.670310−8( W/m2𝐾4) T is the absolute temperature in Kel-

vins and A is the area of the emitting body. 

  



18 

 

3 Experimental conditions and procedures 
3.1 Specimen preparation  

Specimen preparation is an integral part of any metallurgical or me-

chanical analysis. In this section procedure and details for specimen 

preparation is specified. For the hardness and metallurgical testing of 

base material in ex-service component, specimens were first extracted 

from the component using a band saw. Once cut, it was hot moulded 

with the help of Struers ProntoPress 20 machine. Moulding compound 

used was Poly-fast. It is important to mark the specimens separately 

based on the location of extraction (other relevant details) for tracea-

bility and identification. Specimens were grinded using 1200 grit and 

2000 grit abrasives manually succeeded by polishing with 3µ polishing 

paste. Once polished, samples were etched using 2% Nital solution for 

10 sec. Etching is not necessary for hardness testing, but it helps in fo-

cusing the objective lens and to know if the indenter hits a particular 

grain. For the metallurgical analysis with the same specimens, post pol-

ishing with 3µ abrasive paste, they were polished with 1µ paste and 

etched with 2% Nital and 5% Sodium Meta Bi-sulphite (SMB) solution 

for 10 sec each. Etching is performed first with Nital for 10 sec followed 

by washing with cold water, ethanol and drying the excess etchant from 

the surface. This was repeated 2-3 times to ensure that there was no 

residual etchant remaining on the surface. After this, specimen was 

etched with SMB solution (50mL distilled water + 5g SMB) for 10 sec 

followed by same cleaning process. Aim of using SMB etchant is to 

highlight the pearlitic grain structure and ferritic grain boundaries.  

For the hardness testing in weld zone, sample extracted from the ex-

service component, we started from 80 grit abrasive manual grinding, 

succeeded by 180, 320, 800, 1200 and 2000 grit. Post grinding, polish-

ing was done with 3µ abrasive paste. Etching was performed with 2% 

Nital solution. For metallurgical analysis (SEM) in the weld zone, it is 

necessary to remove the indentations and therefore the specimen was 

grinded and polished again using the same procedure mentioned 

above. In addition to 3µ polishing specimen it was also polished with 

1µ polishing paste to enhance the surface quality. Post polishing, sam-

ple is etched with 2% Nital and 5% SMB solution for 10 sec each follow-

ing the same cleaning procedure mentioned above.  

For optical emission spectroscopy, sample of size 3cm x 3cm x 3cm is 

cut. Surface roughness is removed by 50 grit abrasive paper. Surface 
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should be free of rust or dust. It should be large enough to cover the 

aperture of the spark chamber. 

3.2 Hardness Testing  
Vickers hardness testing for this work was conducted using Struers Du-

ramin 40 semi-automatic micro/macro tester. The diamond indenter 

applies the required force on the sample, the built-in software in the 

machine automatically measures the diagonals for the indentations. 

Based on the diagonal size and the load applied HV no. is calculated. 

Formula which was used to calculate is following: 

1 ⋅ 854 (
𝐹

𝐷2) , F is the force in Kg and D is diagonal size in mm.  

For evaluating the hardness in the base material, a matrix of indenta-

tions consisting of HV1 and HV10 is made on the sample. For evaluat-

ing the hardness in weld zone, multiple lines of indentations with 1kg 

load have been made across the weld zone to get a higher resolution in 

the critical zones of the weld.  Locations and criteria of these indenta-

tions will be discussed in the further sections. 

To reduce the risk of error, all the prepared specimens were clamped 

using appropriate vices and fixtures. All the specimens were grinded, 

polished, and etched with 2% Nital for a better and a more precise focus 

and to ensure that indentations were made in the appropriate location.  

 

Figure 5 Duramin hardness testing machine at K2 
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3.3 Optical Microscopy (OM) 
For conventional microscopy Zeiss AX10 vert. A1 optical microscope 

has been used. Zeiss Zen pro software is used to digitally capture the 

images. Brightness and contrast can be adjusted based on the quality 

of the picture. 

 

Figure 6 Optical microscope 

3.4 Scanning Electron microscopy (SEM) 
Scanning Electron microscopy (SEM) is conducted using Zeiss Ultra 55 

SEM at K2 lab at Aalto. It is imperative to clean the sample thoroughly 

before placing it inside the SEM chamber. While placing it should not 

be placed with bare hands as it may introduce contamination in the 

chamber. Every time the sample is removed or placed it should be done 

with gloves. Any contamination in the SEM chamber can be detri-

mental to the electron. The weld zone sample, which was quite large 

and not mounted, was placed on the stage using the conductive tape. 

This ensures that sample doesn’t move while we rotate or translate the 

stage.  

Also, CAD model based on weld macro is prepared. Points of interest 

are marked in CAD. Distances in the horizontal and vertical directions 

are measures based on a reference indentation. When in SEM, the 

translation and rotation is done based on the distances. This was done 
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to ensure that we investigate the points of interest in a more accurate 

and precise way.  

 

Figure 7 Scanning electron microscope 

3.5 Energy dispersive spectroscopy (EDS) 
EDS is performed to characterize the imperfections found in the sam-

ples. This is done in tandem with the SEM using Bruker AXS – X flash 

detector. 

3.6 Optical Emission Spectroscopy (OES) 
ARL iSpark 8860 Fire Assay analyser [31] from Thermo-fisher scien-

tific has been used for the OES analysis of the samples. These samples 

were extracted from the components large enough to cover the aper-

ture of the spark chamber of the machine. These samples were approx-

imately 3cm x 3cm x 2cm in size. Surface is grinded with 50grit abra-

sive paper. If the surface is too smooth or shiny the spark will not be 

accurate. Once the specimen is prepared, it is clamped on the spark 

chamber to complete the circuit. To ensure that there is no contamina-

tion on the electrode in the spark chamber, it should be cleaned with a 

metallic brush before starting any new analysis. As a thumb rule, the 
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first measurement is usually discarded. Measurements are taken until 

it the values reach a plateau. 

3.7 ESIs Sysweld overview  
ESIs Sysweld is a Finite element analysis package which is used for nu-

merical modelling of welds. It used for assessment of temperature field 

evolution, metallurgical evolution, residual stresses, and distortions in 

welded structures. For the scope of this work, numerical model for a 

multipass (21 passes) weld is built to establish the temperature field 

due to weld thermal cycles in the model. Based on the method of weld-

ing, power distribution model is selected. For our work with GMAW we 

use well proven Goldak’s double ellipsoid power distribution model. 

Sysweld offers the ease of use which other FE packages such as Ansys 

and Abaqus don’t. In former moving heat source functions and defini-

tions, thermo-metallurgical treatment modelling is inbuilt whereas in 

latter software, subroutines must be written to perform welding analy-

sis which becomes very tedious for complex geometry and multiple 

passes. Sysweld comes in package with Visual Mesh which is the mesh-

ing engine and Visual Viewer which is the post processing engine for 

the same.  
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4 Overview of the ex-service component 
This chapter will be dedicated to the general overview of the ex-service 

component. Section 4.1.1 includes its manufacturing history, thermal 

and mechanical load conditions, and heat treatment parameters as per 

the ISO standards. In section 4.1.2 3D CAD model for component is 

shown and finally in section 4.1.3 weld macrograph with assumed joint 

design and weld beads is shown.  

4.1.1 History of the testing component 
The component under evaluation had been in service for over 40 years 

(290,000 hours). Steam headers are generally used in the boiler sec-

tions of the plant where steam is transferred to various process sections 

from the boilers. Temperature of the steam is 510°C at 6o bar pressure. 

The component has been insulated from outside. This prevents heat 

losses from the header as shown in Figure 9. As discussed in the above 

sections, the base material of construction is 13CrMo4-5 which is a heat 

resistant steel quite commonly used in high temperature applications.  

 

Figure 8 Ex-service component with subcomponents and strategic 

locations 

 

180° Section 
(Saddle region) 

90° Section 

Steam header Drain pocket 

Multipass weld 
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Figure 9 Ex-service component with insulation  

Steam header and drain pocket are manufactured via different manu-

facturing process. Steam header is manufactured by following process 

route: 

 

Figure 10 Manufacturing process for steam header 

Drain pocket has been manufactured by the following process route: 

 

Figure 11 Manufacturing process for drain pocket 

Casting of a billet Piercing of the billet 

Hot forming of nozzle for steam header by creating a hole in the center
(Basically pulling the material out)

Hot rolling of plate Hot forming of drain pocket
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Drain pocket and steam header are then welded together with GMAW 

method. Due to unavailability of the information, it was assumed that 

a matching filler metal is used to weld both the components.  

Heat treatments are mandatory to achieve the appropriate mechanical 

and metallurgical properties. Steam header and drain pocket, both 

come under the category of pressure vessels due to the flow of high-

pressure steam and hence heat treatments are applied as per Table 1. 

Post weld heat treatment is also applied to reduce the residual stresses 

developed due to weld thermal cycles and improve the untampered mi-

crostructure formed due to rapid cooling or quenching in that zone. 

 

Table 1 Heat treatment parameters 

Nomenclature 
Steam 

Header[32] 

Drain 

Pocket[33] 

Post weld heat 

treatment[34] 

Standards EN10216:2 EN10028:2 EN 14745:2015 

Austenizing temp (°C) 900-960 - - 

Tempering temp/PWHT temp (°C) 660-730 630-730 660-700 

Holding time (Minutes) - - 2×Thickness (mm) 

Normalizing/quenching (°C) - 890-950 - 

Cooling medium Air - - 

 
4.1.2 3D model of the ex-service component and  

3D model of the ex-service component is developed using SolidWorks 

CAD software. This model is based on the 2D sketch provided by VTT 

(attached in annexures) and the weld specimens (90° and 180°) re-

ceived. Figure 12 shows the isometric view of the component. Figure 13 

and Figure 14 shows the location of extraction for the specimens. 

Figure 13 and Figure 14 shows the 90° and 180° sectional view of the 

components along with the location (red solid line) of extracted speci-

mens for characterization. Multipass weld (21 passes) for this 3D model 

is based on the weld beads as shown in Figure 17. This 3D model will 

be further used in the numerical modelling of the multipass weld with 

ESI’s SYSWELD software. 
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Figure 12 Isometric view of the ex-service component 

 

Steam header 

Drain pocket 
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Figure 13 90° sectional view and specimen extracted for characteri-

zation 
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Figure 14 180° sectional view and specimen extracted for characteri-

zation 



29 

 

4.1.3 Macrograph of weld zone and assumptions 
Macrograph of the weld is obtained from the 180°region of the compo-

nent as per Figure 14. The weld from this section was chosen because 

it was more prone to the development of creep cavities due to accumu-

lation of higher bending stresses by the virtue of its geometry (large 

radius of curvature) in that region.  

The following macro as shown in Figure 15 is coarse grinded, fine 

grinded polished and etched with 2% Nital and 5% SMB solution for 10 

sec each to make the microstructure visible clearly. The image is cap-

tured by a DSLR camera. with diffused lighting environment. This 

macro image is then imported to parametric CAD software to draw the 

weld joint and weld beads as shown in Figure 16 and Figure 17 respec-

tively. Before sketching the picture is scaled down to an appropriate 

scale. This joint and beads are designed based on the fusion lines and 

the HAZ as visible from the macrograph, and it is ensured that there is 

no lack of fusion or penetration. Weld beads designed here will be ex-

ploited for numerical simulation of the welding. 

 

Figure 15 Macrograph of the weld zone from 180° section 
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Figure 16 Macrograph with weld zone from 180° section with joint 

design 

 

Figure 17 Macrograph of weld zone with joint, weld beads and HAZ  
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Figure 18 Assumed joint and 21 weld beads 
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5 Experimental characterization of the case-study: multipass GMAW of 13CrMo4-5 steel 
Chapter no. 5 will be dedicated to the results gathered from experi-

mental characterization of the ex-service component. Section 5.1 will 

discuss the chemical composition analysis (OES), hardness and metal-

lurgical characterization of base materials for the specimens extracted 

from the zone far away from the weld as shown in Figure 19. Section 

5.2 will focus on the hardness and metallurgic characterization in the 

weld zone. 

5.1 Base material analysis in ex-service component  
5.1.1 Chemical composition  

Chemical composition analysis is performed for the ex-service compo-

nent using optical emission spectroscopy. The first and foremost dif-

ference can be seen with the C percentage where drain pocket has 

higher amount of C% which makes it harder as we will see in the forth-

coming sections. The % of Si is also reduced significantly in the drain 

pocket region as compared to the steam header and as supplied mate-

rial. Sulphur, which is an impurity, is higher in the drain pocket side.  

Table 2 Elemental composition of the ex-service component and as sup-

plied materials (1 – as supplied EN1.7335 20mm thick plate) 

Elements 13CrMo4-51 
Steam 

Header 
Drain Pocket Weld 

C 0.14 0.1 0.15 0.05 

Si 0.31 0.37 0.18 0.2 

Mn 0.59 0.58 0.58 0.79 

S 0.004 0.007 0.014 0.014 

P 0.009 0.018 0.016 0.02 

Cr 1.04 0.75 0.93 1.01 

Ni 0.04 0.15 0.12 0.06 

Mo 0.47 0.44 0.50 0.55 

Cu 0.19 0.15 0.10 0.02 

Al 0.025 0.015 0.002 0.002 

V 0.005 0.004 0.004 0.006 
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5.1.2 Extraction plan for specimens for hardness and metallurgical investigation 

 

Figure 19 Location for extraction of specimens representative of base materials from ex-service component for 

hardness and metallurgical investigation.  



34 

 

5.1.3 Hardness Analysis (HV10 and HV1) 
Micro and macro vickers hardness was conducted for the specimens ex-

tracted from the zone far away from the weld. Specimens have been ex-

tracted from the surface exposed to the steam, surface which is insulated 

(outside) and throughout the thickness of the component on both sides 

as shown in the Figure 19. This section has been extracted from the 90° 

region of the component as shown in Figure 13. Note that the specimens 

representative of the base materials extracted for the drain pocket are rel-

atively closer to the weld zone, compared to the specimens extracted for 

the steam header region. This is due to constraints in the size of the com-

ponent available for inspection. 

Also, attempt has been made to simultaneously compare the HV1 and 

HV10 values. As it can be seen from Figure 21 that HV1 values are con-

sistently lower than HV10 by 3-4 HV which is not very significant. This 

difference could be due to the error in focusing of the indentation by the 

machine. To reduce the margin of error, HV1 and HV10 both the inden-

tations are made in the same zone using the following scheme.  

 

Figure 20 Schematic used for hardness testing in specimens rep-

resentative of base material consisting of HV1 and HV10 inden-

tations 

It is clearly visible from the Figure 21 that drain pocket side is signifi-

cantly harder than steam header side. This is due to the difference in mi-

crostructures in both the components and will be discussed in the follow-

ing sections. Also, the steam side (I specimen) in the steam header has 

slightly higher hardness values than the other locations. due to constant 

tampering affect from the steam. Hardness in the outside region which is 

transversal to the insulated surface (O specimen) is lower than the other 
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locations which could be due to low amount of precipitation and temper-

ing.  

In Figure 22 it is depicted the difference between HV10 and HV1, i.e. 

“HV10-HV1”, for both, hardness and standard deviation in steam 

header and drain pocket is discussed. High fluctuation in standard de-

viation in drain pocket region is due to the effect of weld thermal cycles 

in that region.  

 

Figure 21 Comparison of HV1 and HV10 for steam header and drain 

pocket for different locations in the specimens representative of base 

materials in ex-service component 

Steam header 

Drain pocket 
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Figure 22 Difference of HV10 and HV1 (standard deviation and 

hardness values) for steam header and drain pocket for different lo-

cations in the specimens representative of base materials in ex-ser-

vice component 

5.1.4 Metallurgic analysis of base material based on location of the specimen 
Microstructural characterization of the specimens representative of the 

base material for different locations in steam header and drain pocket 

has been conducted using optical microscope with 50X objective lens 

and in RGB mode. These are the same specimen’s locations on which 

micro/macro hardness indentations were made. These samples were 

coarse grinded, fine grinded up to 2000 grit paper manually and then 

polished using 3µ and 1µ polishing paste. These samples are then 

etched using 2% Nital and 5% Sodium Meta bi sulphite (SMB) for 10 

sec each. Detailed procedure is mentioned in the experimental meth-

ods section.  

The most significant difference between the microstructures of steam 

header and drain pocket is the difference in the grain size in both the 

regions. Drain pocket has bigger grain size as compared to steam 

header side. This is due to the fact that both these components are 

manufactured with different process routes as discussed in section 

4.1.1. Drain pocket has clear higher amount of pearlitic grains in 
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tandem with the ferritic grains in comparison to the steam header 

which has negligible pearlitic phase present, As result the steam header 

is significantly softer than drain pocket. Also, grains are more regular 

and homogenous in the drain pocket because of the hot rolling of plate.  

The black spots, which can be observed in the inside face (FI specimen) 

for both drain pocket and steam header, are believed to be voids formed 

due to detachment of carbide particles while preparation of the speci-

mens.  

For the steam header, there is a somewhat higher amount of precipita-

tion and larger grain size at the inside microstructure, when compared 

with the outside microstructure, and consequently the hardness re-

duces from the inside to the outside. This effect is not evident in the 

drain pocket, reflecting the different service loading conditions. 

 



38 

 

  FI (Face inside) I (Inside) M (Middle) O (Outside) FO (Face outside) 
L

o
c

a
ti

o
n

 

D
r

a
in

 p
o

c
k

e
t 

     

S
te

a
m

 h
e

a
d

e
r

 

     

Figure 23 Microstructures for base material specimens in ex-service component 
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5.2 Characterization of weld zone in ex-service compo-nent 
In this section we will focus on the weld zone of the ex-service compo-

nent. This sample has been extracted from the 180° region of the com-

ponent. In section 5.2.1 hardness field of the weld zone will be dis-

cussed and it will be compared to the overall average hardness of the 

base materials performed in the previous sections. In section 5.2.2 met-

allurgical analysis of the weld zone using SEM will be discussed. 

5.2.1 Hardness field of Weld zone  
As shown in Figure 24, 7 lines with HV1 indentations have been made 

over the weld zone. Line 1 represents the root pass of the weld whereas 

line 7 represents the top layer of the weld. Hardness profiles have been 

plotted as shown from Figure 25 to Figure 28. Also, to compare the 

hardness in the base material (from near the weld zone) to hardness in 

the base material (far away from base material) overall avg. of HV1 for 

steam header and drain pocket from section 5.1.3 have been plotted 

alongside. Green line represents the hardness of drain pocket (161 HV) 

and pink line represents hardness of steam header base material 

(139HV). Distance between each of the indentations is 0.3 mm which 

ensures a good resolution along the profile and distance between each 

of the lines is 3.5 mm. A combined analysis of the hardness plots is dis-

cussed after the plots. 

All the hardness indentations are made after successful calibration of 

the hardness tester with the 260HV reference block and a load cell.  
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Figure 24 Weld specimen with hardness profiles across the weld zone 
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a b 

Figure 25 Hardness profiles across line 1 (inside/steam exposed side) and line 2 
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a b 

Figure 26 Hardness profiles across line 3 and line 4 (middle of the cross-section) 
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a b 

Figure 27 Hardness profiles across line 5 and line 6 
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Figure 28 Hardness profile across line 7 (top / insulated side) 
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Overall analysis of the hardness plots can be summarized as: - 

• The plotted lines for the hardness of the steam header (139HV1 

– pink line) and drain pocket (161HV1 – green line) are the av-

erage values measured in the base materials at the far-field do-

main, from the weld zone. These show some small deviation 

from the hardness plotted for the base materials in the near field 

from the weld zone. The near-field is in the vicinity of the recrys-

talized zone of the HAZ, and thus it will contain a contribution 

from the sub-critically heat affected zone. Typically, the hard-

ness values are smaller at the near-field versus the values ob-

tained at the far-field. 

• The harness in the fusion zone is always higher than at the base 

materials. This should reflect the contribution from the high 

cooling rates and chemical composition (and strength proper-

ties) of the filler metal, with the different levels of dilutions di-

lution with base material.  

• Within the fusion zone the hardness is about 170HV1, growing 

up to about 190 HV1 near the fusion line, and peaking within the 

coarse grain heat affected zone (CGHAZ).  

• Majorly the focus of the analysis is on 3 lines viz. line 1, line 4 

and line 7 which represents nearest to the steam side (I or in-

side), Middle (M) of the cross section and nearest to the insu-

lated surface (O or outside). the hardest point in all 3 profiles 

(marked in red dashed line) is located at the CGHAZ of the weld. 

• The drop in hardness from the CGHAZ (about 190HV1), to the 

SCHAZ, or near-field base material (about 140HV1), is very sig-

nificant (about 25%). This may affect the creep cavitation, as will 

promote localized strain within the softest zones of the HAZ, 

mostly at the zone of the toe.  
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5.2.2 Metallurgic Analysis of the weld zone  
Metallurgical investigation in the weld zone was conducted using scan-

ning electron microscopy. Figure 29, Figure 30 and Figure 31 shows the 

microstructural evolution along the 3 lines of focus (based on hardness 

indentations) viz. line 1 which is representative of the steam exposed 

side, line 4 which represents middle thickness and line 7 which repre-

sents insulated side respectively. The specimen used for the investiga-

tion was extracted from the 180° region of the component as discussed 

in the section 4.1.2. The specimen was grinded and polished as per the 

procedure mentioned in the specimen preparation section in chapter 

3. Please note that the hardness indentations visible are there for ref-

erence, they were completely removed before starting this activity. 

Overall analysis of these microstructures is presented after Figure 31. 
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Figure 29 Microstructure evolution along line 1 representative of the 

steam exposed surface 
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Figure 30 Microstructure evolution along line 4 representative of the 

middle thickness 
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Figure 31 Microstructure evolution along line 7 representative of the 

insulated side or outside 

Overall analysis of the microstructures can be summarized as: 

•  The Figure 29 a) b) Figure 30 a) b) and Figure 31 a) and b) de-

pict the drain pocket base material and subcritical domain of the 

HAZ. In these figures it is possible to see the ferritic pearlitic 

structure without any clear evidence of the preferential grain 

structure orientation. The grain size cannot be accurately meas-

ured from the SEM images, but it increases from 30 m at the 

steam exposed side to 10 m at the insulated side.  

• The Figure 29 k) Figure 30 h) and Figure 31 j) represent the 

steam header base material. It is quite clear that there is negli-

gible presence of pearlitic phase and only ferritic grains are pre-

sent. When compared to the base material of the drain pocket, 

grain size is much smaller. 

• In Figure 30 c) light and dark banded structure showcases the 

different subzones of the HAZ in the drain pocket which is 

formed due to multiple weld passes. 
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• Irregular shaped imperfections (marked in yellow solid lines) 

can be as seen in Figure 31 g), h), i), j). These imperfections 

could be attributed to the manufacturing process for the steam 

header which involves casting and hot forming. They could be 

termed as voids or porosities formed during solidification of the 

liquid metal, but further investigation is necessary to determine 

the exact nature of these imperfections. 

• Long crack like imperfections (marked in red solid lines) can be 

seen in the heat affected zone of the drain pocket as depicted in 

Figure 29 a), e), Figure 30 c),and Figure 31 b). These imperfec-

tions could be inclusions or precipitates. A similar imperfection 

is characterized as an inclusion and its constituent elements are 

mentioned in section 5.2.3. 

• The Figure 29 d) and Figure 31 e) depicts the coarse-grained 

heat affected zone in the drain pocket side. Coarse grained HAZ 

is quite prone to creep cavitation due to accumulation of 

stresses. Hardness grows from 170 HV in the weld zone to about 

190HV near the fusion line and peaking at Coarse grained heat 

affected zone. 

• In Figure 29 g) indicates a transition zone (fusion line) which is 

evident by the presence of 2 different microstructures. Due to 

extremely high cooling rate in this region, hardness is also quite 

high reaching up to 185 HV (Figure 25).  

• Black arrows shown in Figure 30 f); and Figure 31 a), h), i) depict 

the carbides that have fallen out of the specimen while prepara-

tion of specimens. These carbides are present in whole specimen 

but tend to be more concentrated in the steam header side.  

 

5.2.3 Characterization of weld sample using SEM-EDS  
Figure 32 shows the SEM and EDS image of the drain pocket near to 

the steam exposed surface and it reveals the presence of a large imper-

fection. Further characterization using EDS shows that this imperfec-

tion is an inclusion with silicon, aluminium, and manganese as its ma-

jor constituents. Similarly, in Figure 33 a spherical imperfection was 

captured by the SEM in the base material of steam header approxi-

mately in the middle thickness and EDS characterization revealed the 

presence of manganese and sulphur in the inclusion. Irregular shaped 

inclusion was found in HAZ of the drain pocket region as shown in 
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Figure 32Figure 34. EDX characterization revealed that it had heavy 

presence of manganese and sulphur along with chromium and alumin-

ium in trace amounts. Presence of aluminium also shows that there is 

trace amount of oxides present. These imperfections could be at-

tributed to the long service hours of the component under high tem-

perature steam and manufacturing process for the component. 
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Si Al Mn 

Figure 32 Characterization of an imperfection on the drain pocket 

side near to the steam exposed surface 
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Figure 33 Characterization of an imperfection on the steam header 

side near to the middle thickness 
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Figure 34 Characterization of an imperfection on the drain pocket 

side in the HAZ 
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6 Numerical simulation of welding  
In this chapter we will discuss the numerical modelling of the multipass 

weld with ESI’s Sysweld package for welding. In Figure 35 a general 

procedure for the numerical modelling is shown and in subsequent 

chapters each of the input conditions will be discussed in detail includ-

ing the discretization of CAD model, material properties, boundary 

conditions and initial conditions applied, power source parameters, as-

sumptions for the simulation, basic weld parameters and results from 

post processing in section 6.9. 

 

Figure 35 Flow chart for numerical modelling of weld 

Numerical modelling of welding is necessary: 

• To establish a temperature field due to weld thermal cycles 

• Evaluation of metallurgical phase evolution in the vicinity of the 

weld 

• Assessment of residual stresses and distortion caused due to 

weld thermal cycles. 

For the scope of our work, we will be focussing on establishing a tem-

perature field due to welding and further evaluating the thermal history 

at critical points based on high hardness gradients as observed in sec-

tion 5.2.1. 
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6.1 3D CAD and mesh model for weld 
A simplified 3D CAD model. focussing on the on the 180° region for the 

ease of simulation is made as shown in Figure 36.  

 

Figure 36 Simplified CAD model 

Figure 37 and Figure 38 shows a discretized model. 3D CAD model is 

imported into Visual Mesh which is the meshing engine for Sysweld. 

Figure 38 shows different types of elements used for modelling, viz. 

hexagonal/ Tria elements which consists of 8/6 nodes and tetragonal 

elements which consists of 4 nodes. Tetragonal elements adjust to the 

complex geometry quite easily but hex and tria elements are more reg-

ular and are useful in selection of weld groups which will be discussed 

later in section 6.6. These 2 meshes are then connected with each other 

by creation of skin elements (1-D elements). Mesh refinement near the 

weld zone has been done to achieve the results with higher resolution 

and save on computation time. Unfortunately, due to time constraints 

mesh sensitivity analysis hasn’t been performed for this model but is 

highly recommended to ensure that mesh size doesn’t affect the results.  

Weld beads (filler metal) as shown in Figure 39 are entirely based on 

the beads assumed on a macrogra30ph as shown in Error! Refer-

ence source not found..  
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Figure 37 Discretized model 

 

Figure 38 Discretized model with different types of elements 

Hex/ tria elements 

Tetragonal elements 

Weld beads 
with hex/tria el-
ements 
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Figure 39 Weld beads in numerical model 

6.2 Material model 
Material properties that are used in the modelling are adopted from the 

standard properties available in the solver database for S355J2G3 

standard structural steel. Thermal conductivity and specific heat are 

modified for 13CrMo4-5 as shown in Figure 40 and Figure 41 respec-

tively. 
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Figure 40 Thermal conductivity v/s temp for 13CrMo4-5 

 

Figure 41 Specific heat v/s temp for 13CrMo4-5 

6.3 Boundary conditions and initial conditions 
For any kind of numerical modelling, it is necessary to apply the boundary 

conditions. For this model three thermal boundary conditions are applied 

viz.- 

1.  Constant temperature condition (20°C) is applied at steam header 

ends.as shown in Figure 42. This boundary condition is applied be-

cause the actual length and diameter of the steam header is very 

large therefore it is assumed there will be negligible change in temp 

due to weld thermal cycles.  

2. Natural convective and radiative losses due to ambient air are as-

sumed at exposed surfaces of drain pocket and steam header as 

shown in Figure 43. Even though there is insulation on the outside 

surface of the component to prevent the heat losses, but it is as-

sumed that while welding is taking place, there is no insulation 
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over the component. The insulation would have been done only af-

ter welding the component.  

3.  Temperature at t = 0 is assumed to be 20°C 

 

Figure 42 Constant temperature B.C (in red) 

 

Figure 43 Convective and radiative heat losses B.C (in red) 

 



75 

 

6.4 Power source parameters 
In this section parameters for double ellipsoid power source are dis-

cussed in more detail. As we saw in section 2.3, this power source is 

quite commonly used in modern welding simulation software and quite 

accurately represents the transfer of heat from the power source. 

It is important to know that power from this source is applied to a do-

main of elements referred as weld group or load group. It includes filler 

metal and some elements from the base material. The load group se-

lection is done based on the fusion lines and Heat Affected Zone (HAZ) 

as visible from the macrograph. Examples of the load group selection 

will be discussed in section 6.5. Parameters of double ellipsoid and 

weld group selection work in tandem to control the flow of heat to the 

model. This helps to precisely control the shape of the fusion zone and 

heat distribution across the weld zone.  

  

Figure 44 Gaussian distribution of heat from the power source 
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6.5 LOAD/WELD group selections  
Load group selection is conducted based on the fusion lines as visible 

from the macrograph based on Figure 16. Herewith, load group selec-

tion for 3 passes have been shown as an example. These selections can 

be manually adjusted after each iteration to get the right fit with the 

fusion zone and the Heat Affected Zone. (HAZ). It should be kept in 

mind, that precise load group selections are only possible with a mesh 

that consists of regular elements such as hex or tria elements. Irregular 

shaped elements should be avoided as much as possible. Selection is 

done via the method of ‘3D elements attached with node’, where each 

row of elements is selected via starting node and direction node. Figure 

45, Figure 46 and Figure 47 represent load group selection for 1st pass, 

4th pass, and 20th pass respectively. 

As it can be seen from the Figure 44 the power from the source is trans-

ferred to the load group elements based on gaussian distribution. Heat 

energy /power is maximum at the centre of the ellipsoid and reduces 

towards the boundaries of the ellipsoid. Heat intensity at the boundary 

is assumed to be 5% of the maximum heat which is at the centre of the 

ellipsoid. 

 

 
  

Figure 45 Load group selection for root pass 
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Figure 46 Load group selection for 4th pass 

 

   

Figure 47 Load group selection for 20th pass 
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6.6 Power distribution sensitivity analysis 
To better understand the concept of heat/ power transfer, a case study 

was conducted with varying weld/load group size and different ellip-

soid parameters for which results are summarized in a brief manner. 

For this case study we consider a simple single pass butt welded model 

with 2 different ellipsoids as shown below. Figure 48 shows the width 

(35 mm) and depth (6 mm) of the large ellipsoid whereas Figure 49 

shows the width (4 mm) and depth (1.5 mm) of small ellipsoid. Length 

(16 mm) of the ellipsoid is assumed to be same in both the cases. Other 

welding parameters such as heat input, travel speed, length ratio, effi-

ciency and power ratio are kept the same for all the experiments. 

Peak temperature at the centre of the ellipsoid (marked with yellow) is 

determined for all the 6 cases mentioned over cross section. This peak 

temperature helps to study the heat distribution in different cases. A 

common colour contour is plotted as shown in the in which pink colour 

represent the fusion zone (T > 1490°C), green represents austenitic 

zone (1490°>T>911°C), yellow represents inter critical zone 

(911°C>T>723°C) and 200°C is an intermediate temperature. 

 

Figure 48 Single pass weld model considered for power distribution 

sensitivity analysis with large ellipsoid 

 

Figure 49 Single pass weld model considered for power distribution 

sensitivity analysis with small ellipsoid 

10 mm 
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4 mm 
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Weld group selection Max ellipsoid Min ellipsoid 

 

 

  

 

  

   

Figure 50 Power sensitivity analysis with varying weld group and ellipsoid parameters 
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From the power distribution sensitivity analysis it can be concluded 

that as the size of the ellipsoid is increased (width and depth), power 

density or the maximum heat reduces at the centre of the ellipsoid de-

creases as per the gaussian distribution based on the Figure 44 and as 

the size of the load group is increased or the domain in which power is 

applied is increased, power tends to get more distributed within the 

large group of elements. This phenomenon is evident from the reduc-

tion in peak temperature as we increase the load group size keeping the 

ellipsoid size fixed (top to bottom) whereas as we decrease the ellipsoid 

size (left to right), peak temperature increases.  

6.6.1 Assumptions for numerical modelling of weld 
Welding is a multi-physical phenomenon which involves pressure from 

the arc, surface tension, material transfer from the electrode, buoyancy 

forces and viscosity of molten metal. In the mathematical formulation 

for power source and heat transfer described in the previous sections-: 

• Effect of mass transfer from the electrode is not considered. 

• Effect of flow of material in the molten weld pool is not consid-

ered 

• For double ellipsoidal or ellipsoidal power source, heat flux at 

the boundaries of the ellipsoid is considered as 5% of the maxi-

mum heat flux. This maximum heat flux is at the origin of the 

ellipsoid. 

• Effect of surface tension (Marangoni stresses) and buoyancy is 

not considered.  

6.7  Numerical modelling results  
In this section results from numerical modelling will be discussed. 

Firstly, validation of the model will be presented which includes the 

results from the multiple iterations performed. The results are pro-

cessed in Visual Viewer application which is a post processing package 

for ESIs Sysweld. Once model is validated, a global maximum temper-

ature contour will be plotted and finally peak temperature profiles for 

3 different locations and thermal history for critical points will be dis-

cussed in combination with hardness plots. 
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6.7.1 Validation  
It is mandatory to validate the numerical model to get precise and ac-

curate results. Validation of this model has been done by overlaying the 

temperature contour from the numerical simulation with the weld 

macrograph. Parameters selected for the first iteration are based on the 

study done for evaluating the correlation between the area of the weld 

bead and heat input.[35]. Subsequent iterations are performed by var-

ying the heat input (kJ/mm), ellipsoid parameters (width and depth), 

and load group selections.  

Following are the 3 iterations performed, yellow circle shows the error 

or the anomaly w.r.t the fusion line. These anomalies are fixed by var-

ying the parameters as discussed above. Corresponding parameters are 

attached in the annexures. Here the liquidus temperature is considered 

as 1490°C, AC3 as 911°C and AC1 as 723°C based on the general iron 

carbon diagram for structural steels. 

As it can be seen in the iteration 1 (Figure 51), in the 2nd pass the fusion 

line from the temperature contour doesn’t match the real fusion line 

from the macrograph, therefore the heat input is increased from 

770J/mm to 820J/mm and simultaneously width and depth of the el-

lipsoid is also increased by 2 mm. Similarly, the heat input and ellipsoid 

parameters are adjusted for the 4th pass, 7th pass, 10th pass and 21st 

pass. This leads us to the second set of results or iteration 2 (Figure 52). 

With iteration 2 it can be seen that fusion line for the 2nd pass is now 

closer to the real one but still hasn’t reached the target. For the 4th pass 

it has now matched the fusion line. For the 7th pass, 10th pass and 21st 

pass the fusion line still hasn’t matched properly with the real one. For 

the next iteration heat input for 7th pass is increased from 885 J/mm 

to 1050 J/mm and ellipsoid parameters are kept same. For the 10th pass 

heat input is changed from 1495 J/mm to 1510 J/mm and simultane-

ously to achieve the right shape of the fusion line, weld/load group el-

ements are. Adjusted. For the 21st pass heat input is increased from 660 

J/mm to 780 J/mm keeping the ellipsoid parameters same. This leads 

us to the 3rd iteration (Figure 53). In the 3rd iteration fusion line from 

the simulation matches with the real lines from macro and hence stop 

the iterations at this point. 

All the other parameters such as travel speed (mm/min), efficiency, 

power ratio and length ratio are assumed to be constant for all the 

passes across all the iterations. 
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Figure 51 Validation:  iteration 1 

  

Figure 52 Validation: iteration 2 
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Figure 53 Validation: Final iteration  

6.7.2 Global max temperature contour  
Post validation of the model, global max temperature contour is plotted 

for the model as shown in Figure 54. 
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Figure 54 Global max temperature contour 

6.7.3 Peak temperature profiles  
Peak temperature profiles for line 1, line 4 and line 7 which represents 

nearest to the steam side, middle of the cross section and nearest to the 

insulated surface are plotted with the corresponding hardness profiles 

with fusion zone marked with red solid line. This helps to understand 

the evolution of hardness from the weld centreline towards the base 

material with the peak temperature distribution.  
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Figure 55 Peak temperature profile and hardness profile along the 

steam side 

 

Figure 56 Peak temperature profile and hardness profile along the 

middle thickness 
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Figure 57 Peak temperature profile and hardness profile along the 

insulated side 

6.7.4 Thermal history for critical points  
Thermal history is plotted for selected points based on high hardness 

gradients to understand the effect of quenching and tempering due to 

weld thermal cycles on the hardness values.  

Figure 58 shows thermal history (temperature over time) for 2 points 

in steam header region across middle thickness. The highest point (Fig-

ure 58 a) undergoes the recrystallization cycle only once and no tem-

pering cycle post recrystallization therefore the microstructure at this 

point is untampered which justifies the high hardness whereas for the 

second point (Figure 58 b) there is no recrystallization and only tem-

pering which justifies that low hardness value. Both the points are se-

lected in the HAZ region. Similar is the case for critical points selected 

in HAZ region of steam header near to the insulated surface, where the 

hardest point (Figure 59 a) undergoes multiple recrystallization cycle 

but no tampering, whereas the softest point (Figure 59 b) undergoes 

only one tempering cycle and no recrystallization. 
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Figure 58 Temperature history for critical points based on HV gradients in HAZ of steam header across middle 

thickness.  

(a) 

(b) 
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Figure 59 Temperature history for critical points based on hardness gradients in HAZ of steam header across insu-

lated side. 

(a) 

(b) 
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7 Conclusions 
7.1 Global analysis of the results  

The main aim of the experimental work conducted in this master’s the-

sis project was to evaluate the metallurgical condition of an ex-service 

component from a steam power plant, with focus on the base materials 

and weld zone between the sub-components: steam header and drain 

pocket. The results are critically analysed with support of hardness 

measurements (HV10 and HV1) and thermal analysis via FEM numer-

ical simulation, of the multipass weld joint. The analysis is mostly fo-

cused on the critical cross-section “180° Section” or “Saddle region”, as 

identified in the Figure 8. 

Concerning the characterization of the base materials: 

• Metallurgical analysis of the base materials, using optical mi-

croscopy, in comparison to the steam header, the drain pocket 

presents a higher amount of pearlitic phase in a more uniform 

distributed ferrite grain structure. This may be related with dif-

ferences in chemical composition and original manufacturing of 

the sub-components. Both present a trend for higher amount of 

precipitation of carbides (mostly at the grain boundaries), closer 

to the steam flow side (Inside). Base material specimens for both 

the sub-components are still pending to be characterized via 

SEM/EBSD for a more comprehensive understanding of the mi-

crostructures. 

• Although the material specification for both components is the 

same, i.e. the DIN 13CrMo4-51, the analysis of chemical compo-

sition via OES, identified higher amount of C; Cr; Mo; Mn and S 

in the drain pocket. In relative terms, the steam header presents 

higher amount of Al and Si (as evidence of foundry process as 

part of the original manufacturing techniques, for the tubular 

steam header). Thus, the metallurgical analysis found more fre-

quent carbides and lamellar manganese sulphides in the drain 

pocket side versus the steam header. The SEM analysis, the 

steam header presents few more microstructural imperfections 

in the shape of irregular voids. 

• In line with the differences in chemical composition, phase dis-

tribution, grain structure and precipitates, the drain pocket was 

found to be in average harder (161HV1), than the steam header 
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(139HV1). The drain pocket presents a slightly higher harness at 

the middle section (165HV1), and the steam header presents a 

slightly higher harness at the Inside, or steam flow side 

(144HV1). 

• From the investigation of the differences between HV1 and 

HV10 values were compared, and it was observed that HV1 val-

ues are slightly lower (in about 2 to 5 units) than corresponding 

HV10 values, but both follow the same trend. 

• No evidence of creep cavitation was found in the inspected sam-

ples, but this research demands further insight, with focus on 

the toe and root of the HAZ, at both sub-components.  

Concerning the characterization of the weld zone: 

• The hardness HV1 measured at both sub-components in the 

near field from the weld zone are slightly smaller than the ones 

measured at the far-field from the weld zone. This means that 

the considered near-field is part of the sub-critically heat af-

fected zone (SCHAZ). This fact was confirmed from the thermal 

simulation analysis. 

• Hardness profiles of HV1 were measured at several locations 

within the weld zone. The fusion zone, with about 170HV1 is al-

ways harder than the base materials which emphasizes the over-

matching strength of the fusion zone, with major contribution 

from the filler metal. The HV1 values peaks at the CGHAZ, 

reaching values of 190 HV1. 

• From the SEM analysis of the weld zone various complex micro-

structures were identified and different types of imperfections 

were found. EDS analysis for some of the imperfections found 

was conducted. Many of these were characterized as inclusions 

with Mn and S being the major constituent elements. 

• Numerical model was used to replicate the weld thermal cycles 

for twenty-one passes, the cross-section “180° Section” or “Sad-

dle region”. Weld joint design, shape of the individual beads, 

and heat input were assumed based on the literature review and 

macrograph analysis of the weld specimen. Numerical model 

was then validated by overlaying the temperature contour from 

the numerical model with actual macrograph of the weld. Peak 

temperature profiles were plotted corresponding to 3 hardness 

indentations profiles viz. line 1 (Inside, i.e., closest to the side 
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exposed to the steam flow), line 4 (middle thickness) and line 7 

(Outside, i.e., side closest to the insulated surface). Thermal his-

tory for critical points based on high hardness gradients was 

plotted various points in HAZ region of the steam header. Effect 

of tempering and quenching was clearly visible justifying the 

hardness gradients although a much deeper analysis is required 

to better understand the effect of cooling rates and microstruc-

ture at the critical points. 
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7.2 Future work  
Based on the present study following topics are suggested for research: 

• SEM microscopy for the base material specimens from ex-ser-

vice component. This will enable the qualitative and quantita-

tive comparison between the base material and weld zone mi-

crostructure. Deeper analysis of the microstructure post long-

term service including characterization of different types of pre-

cipitates occurring in the grain boundaries. 

• SEM analysis for the critical points based on the hardness values 

should be done. This will help in understanding the relation be-

tween metallurgical and mechanical properties. 

• More advanced characterization of imperfections found in the 

weld zone especially on the steam header side. This includes 

SEM and EDS of these imperfections. This should be done in a 

more systematic way based on the location/area to be examined. 

• Feasibility of using conventional and non-conventional NDT 

techniques to determine the presence of these imperfections 

should be evaluated. 

• EBSD analysis for determination of grain sizes in different sub 

zones of the weld zone. 

• A more optimized numerical model should be built with sysweld 

which will reduce the computation time which can lead to more 

no. of iterations and more accurate results. Also, AC1 and AC3 

should be modified for 13CrMo4-5 based on the literature avail-

able and investigations going on at Aalto on the scope of project 

AKA/EARLY. 

• Thermal history for more such critical points across the weld 

zone should be evaluated including determination of cooling 

rates to understand the effect of these cycles on the hardness 

and microstructure. 
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9 Annexures 

 

Figure 60 Validation parameters for iteration 1 
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Figure 61 Validation parameters for iteration 2 
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Figure 62 Validation parameters for iteration 3
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Figure 63 Pre and post calibration macrograph comparison
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Figure 64 2D drawing for the ex-service component as received from 

VTT 


