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ABSTRACT 

Modeling the Microstructure and Mechanical Properties During Welding of Low Alloyed 
High Strength Steel 

Joni Paananen 
University of Oulu, Degree Programme of Mechanical Engineering 

Master’s thesis 2017, 83 p. 
Supervisors at the university: Jari Larkiola and Aarne Pohjonen 

 
The aim of the work was to create a model to simulate the evolution of the microstructure 
during welding. The model consists of heat transfer and heat input models, microstructure 
model and hardness model. The heat transfer and heat input models are used to model the 
arc welding and the temperature changes in the welded piece. A microstructure model has 
been coupled with the heat transfer model i.e. the microstructure evolution is modeled 
simultaneously with the heat transfer model. The microstructure model simulates phase 
transformations and grain growth. In addition, the model predicts the hardness based on 
the microstructure. A graphical user interface was also developed to ease the usage of the 
model. 

The developed model is numerical and is based on theories presented in the literature. 
Some parameters for theories have also been defined experimentally using 
thermomechanical simulator. Real welding experiments were also made to verify the 
model. 

The temperature model can predict the temperatures in the heat-affected zone quite 
reliably. The phase transformation model works also well. The phase fractions from the 
model correlate with those seen under a microscope and the model predicts the shapes of 
the heat-affected zone and fusion zone with relatively good accuracy. The grain growth 
model works well far from fusion line but is not as good near the fusion line. The hardness 
model is not as reliable as other models but is still able to predict the hardness quite well 
even though the model is rather simple.   

Keywords: Welding, Modeling, Modelling, Phase Transformations, Grain Growth, 
Hardness 



TIIVISTELMÄ 

Matalaseosteräksen hitsin muutosvyöhykkeen mikrorakenteen ja ominaisuuksien 
mallintaminen 

Tekijän Joni Paananen 
Oulun yliopisto, Konetekniikan tutkinto-ohjelma 

Diplomityö 2017, 83 s.  
Työn ohjaajat yliopistolla: Jari Larkiola ja Aarne Pohjonen 

 

Työn tavoitteena oli kehittää malli hitsauksessa tapahtuvien mikrorakennemuutosten 
simuloimiseen. Malli koostu lämmönsiirto- ja lämmöntuontimallista, 
mikrorakennemallista sekä kovuusmallista. Lämmönsiirto- ja lämmöntuontimalleilla 
mallinnetaan kaarihitsausta ja sen aikaansaamia lämpötilamuutoksia teräksessä. 
Mikrorakennemalli on kytketty lämpötilamalliin eli mikrorakennetta mallinnetaan 
samanaikaisesti lämpötilojen kanssa. Mikrorakennemalli simuloi faasimuutoksia ja 
rakeenkasvua. Lisäksi malli pyrkii ennustamaan kovuutta mikrorakenteen perusteella. 
Malliin luotiin myös graafinen käyttöliittymä helpottamaan käyttöä. 

Työssä luotu malli on numeerinen ja se perustuu kirjallisuudessa esitettyihin teorioihin. 
Lisäksi teorioiden vaatimia parametreja on määritetty kokeellisesti termomekaanisella 
simulaattorilla. Lisäksi työssä tehtiin hitsauskokeita mallin verifioimiseksi. 

Lämpötilamalli ennustaa muutosvyöhykkeen lämpötilat melko luotettavasti. 
Faasimuutosmalli toimii myös hyvin. Kokeelliset ja mallinnetut faasiosuudet vastaavat 
toisiaan. Malli ennustaa myös suhteellisen hyvin sula-alueen ja muutosvyöhykkeen 
muotoa. Raekokomalli toimii hyvin kauempana sula-alueesta, mutta lähellä sula-aluetta 
malli ei toimi yhtä hyvin.  Kovuusmalli ei ole yhtä luotettava kuin muut mallit, mutta 
ennustaa silti kovuuksia todella hyvin, vaikka onkin melko yksinkertainen. 
 

Asiasanat: Hitsaus, Mallinnus, Faasimuutokset, Rakeenkasvu, Kovuus 
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SYMBOLS AND ACRONYMS 

a Subscript referring to austenite 
A Parameter of the heat input model 
𝐴"# Line in iron-carbon phase diagram 
𝐴$ Linear fit for the thermal expansion of austenite 
𝐴%&'( Area of the cross-section of the bead  
𝐴) Line in iron-carbon phase diagram 
𝐴* Line in iron-carbon phase diagram  
b Subscript referring to bainite 
b Burgers vector 
B Parameter of the heat input model 
𝐵, Bainite start temperature 
c Specific heat capacity 
𝑐,, Concentration of the substitutional solute 
𝐶/ Parameter of the heat input model 
𝐶0 Parameter of the heat input model 
𝐶1 Bulk concentration of carbon 
𝐶2 Carbon concentration of austenite 
D Mean grain diameter 
𝐷$ Value of dilatometer as a function of temperature 
𝐷/455&0 Diameter of filler 
f Subscript referring to ferrite 
f Volume fraction of precipitate 
𝑓/ Parameter of the heat input model 
𝑓0 Parameter of the heat input model 
F Feed rate 
𝐹$ Linear fit for the thermal expansion of ferrite 
G Shear modulus 
I Welding current 
h Heat transfer coefficient 
H Hardness 
i Index of x-direction 
j Index of y-direction 
k Rate constant 
k Thermal conductivity 
𝑘'0" Coefficient for heat input 
𝐾$  Coefficient for strengthening due to dislocations 
𝐾:  Coefficient for strengthening due to lath size 
𝑙 Subscript referring to liquid  
L Ferrite plate size 
m Subscript referring to martensite 
𝑀, Martensite start temperature 
n Index of time 
n numerical exponent 
p Subscript referring to pearlite 
Q Latent heat 
𝑄'">  Activation energy for grain growth 
𝑄'0"  Arc energy 
𝑄'?'5@>4" Analytical total heat input 



𝑄#&AB Numerical integral of heat input 
r Mean radius of particles 
S Travel speed 
T Temperature 
𝑇"D04& Curie temperature 
𝑇&E> Ambient temperature 
t time 
U Arc voltage 
𝑉%&'( Volume of the molten filler material per time step  
X Phase fraction 
 
∆ Refers to change during one time step 
𝜀 Emissivity 
𝜃 Half angle of the groove 
𝜃J Constant cooling rate 
κ Thermal diffusivity 
Λ Spacing between two particles 
µ Heat input efficiency 
ρ Mass density 
𝜌$ Dislocation density 
𝜎 Stefan-Bolzmann’s constant 
𝜎@ Yield strength 
𝜎1 Yield strength of single crystal 
𝜙 Softening factor  
 
FDM Finite difference method 
FTCS Forward time centered space approximation 
FZ Fusion zone 
HAZ Heat-affected zone
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1  INTRODUCTION 

Welding is a common joining method of steel structures. However, welding of high 
strength steels face complex problems like decreased strength or hindered toughness in 
heat-affected zone. The main goal of this study is to create a coupled temperature and 
microstructure model that could be used to predict the microstructure evolution during 
welding. The microstructure, obtained from the model, could then be used to predict the 
mechanical properties of the heat-affected zone.  

The modeling of the welding is not new and it has been done since 1980’s. However, the 
early models are quite simple and in addition, the implementation of these models are not 
publicly available. Furthermore, University of Oulu has good research equipment to 
validate and parameterize microstructure models and effect of microstructure on 
mechanical properties.  There is also increasing need in the steel industry to be able to 
model the welding. 

This works begins with literature study considering welding, welding metallurgy and 
theory of modelling of phase transformations and mechanical properties. The main focus 
is more on the metallurgy and metallurgical phenomena than in the actual welding 
processes.  

The model, developed in this work, includes heat transfer model for the conduction in the 
steel, convection and radiation at the surfaces and the heat input from arc. The heat 
transfer model is coupled with microstructure model that includes phase transformations 
and grain growth. Then the model predicts the hardness based on the microstructure. 

This thesis is restricted to gas-metal arc welding of high strength low alloy steels but the 
principles presented in this work can be used to simulate different welding methods and/or 
welding of different metals. 
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2  WELDING 

Welding is a process that joins materials, usually metals, by causing fusion of the base 
metal. In some processes, welding does not melt the base metal only but a filler material 
is added. (Kou, 2003) 

2.1  Welding processes 

There are various welding processes for different applications and materials. Including 
oxyacetylene welding, shielded metal arc welding, gas-tungsten arc welding, plasma arc 
welding, gas-metal arc welding, submerged arc welding, electron beam welding, laser 
beam welding and friction stir welding. (Kou, 2003) As said earlier, this work is limited 
to gas-metal arc welding and therefore, only some of the arc welding processes are 
addressed in detail. The reason why the following processes were chosen is because they 
are widely used in steel industry and they could be modeled using principles presented in 
this work. 

2.1.1  Gas-metal arc welding  

Gas-metal arc welding (GMAW) is an arc welding process where metal is melt by an arc 
between filler wire electrode and base metal that needs to be grounded. GMAW welding 
has two subtypes, MIG-welding (metal inert gas) and MAG-welding (Metal active gas) 
where inert and active gases refer to type of shielding gas used in the process. Inert gas is 
usually argon and active gas is carbon dioxide. In fact, the shielding gas may be mix of 
inert and active gas and therefore the name GMAW is more appropriate. (Kou, 2003) 

 

Figure 1. GMAW equipment (1) Welding gun (2) Grounded work piece (3) Power 
source (4) Wire feed unit (5) Shielding gas supply. (Source: 
en.wikipedia.org/wiki/Gas_metal_arc_welding) 
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Main parts of GMAW equipment are power supply, welding gun, wire feeding unit and 
shielding gas supply (Figure 1).  

2.1.2  Gas-tungsten arc welding 

Gas-tungsten arc welding (GTAW) also called Tungsten inert gas welding (TIG-welding) 
is a welding process where base metal is melted by an arc between non-consumable 
tungsten electrode and base metal. A filler material can be used but is not required.  (Kou, 
2003) 

 

Figure 2. Gas-tungsten arc welding equipment. (Source: 
en.wikipedia.org/wiki/Gas_tungsten_arc_welding) 

2.1.3  Submerged arc welding  

Submerged arc welding (SAW) is a welding process very similar to gas-metal arc 
welding. The main difference is that the arc is submerged and therefore invisible i.e. the 
arc is shielded by a molten slag and granular flux. (Kou, 2003) 
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Figure 3. Submerged arc welding equipment and setup. (Source: 
en.wikipedia.org/wiki/Submerged_arc_welding) 
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3  WELD MICROSTRUCTURES AND MECHANICAL 
PROPERTIES 

The welded joint can be divided into two regions, the fusion zone (FZ) and the heat-
affected zone (HAZ). The fusion zone is the region which has melted and solidified and 
the HAZ is the region which has not been melted but whose microstructure and 
mechanical properties are altered by the heat of welding. (H. K. D. H. Bhadeshia and 
Honeycombe, 2006) 

 

Figure 4. Cross-section of the GMAW weld. Gray area is the fusion zone. Darker 
area next to it is the coarse grained HAZ. The lighter area next to the coarse-grained 
zone is the fine-grained zone. The inter-critical zone is closest to the base material. 
Bright marks are from hardness measurements. 

3.1  Fusion zone 

Fusion zone is the region that has melted and solidified during welding. It also includes 
the solidified filler material. Some of the aspects of the fusion zone are discussed in 
chapter 4.2.2  

3.2  Heat-affected zone 

3.2.1  Coarse grained HAZ (CGHAZ) 

The region next to fusion zone is heated to temperature near the melting point. This region 
transforms completely to austenite and the grain growth occurs because of the high 
temperature. Therefore, it is called coarse grained HAZ. (H. K. D. H. Bhadeshia and 
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Honeycombe, 2006) If the steel is work hardened there may occur recrystallization prior 
to the grain growth. (Kou, 2003) 

 

Figure 5. A photo showing coarse grain structure near the fusion line.  

Coarse grains usually lead to poor fracture toughness.  The reason is that coarse grain 
structure increases hardenability. (H. K. D. H. Bhadeshia and Honeycombe, 2006) The 
effect of grain size on phase transformations is discussed also in chapter 4.1.3. 

3.2.2  Fine grained HAZ (FGHAZ) 

The next region is the fine-grained zone. It is also fully austenitized during welding but 
the peak temperature is lower and therefore significant grain growth does not occur. The 
grain size is very close to that after thermomechanical rolling and therefore more ductile 
phases are obtained. (H. K. D. H. Bhadeshia and Honeycombe, 2006) It is assumed that 
the grain size after austenitization is very small (<10 𝜇𝑚, see Figure 6) because bainite 
has numerous nucleation sites. If the cooling starts immediately after austenitization, 
there is no time for these small grains to grow. 
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Figure 6. A photo from fine grained heat-affected zone. The grain size decreases 
towards right hand side of the photo. 

3.2.3  Intercritical HAZ (ICHAZ) 

The region next to the FGHAZ is called inter-critical HAZ. Inter-critical means that 
region transforms into austenite only partially. The austenite that forms may have higher 
carbon concentration due to higher solubility of carbon in austenite (carbon partitions into 
austenite). The higher carbon concentration leads to increased hardenability (see chapter 
4.1.3) and the austenite may transform into hard martensite and possibly retained 
austenite is also found in room temperature. Those small martensite regions cause higher 
scatter in the toughness values obtained in tests because there is variety in whether the 
specimen has those regions or not. The parts in ICHAZ that does not transform into 
austenite become tempered. (H. K. D. H. Bhadeshia and Honeycombe, 2006) 

In multi-pass welds, the original coarse grained zone, from previous pass, is 
retransformed into austenite either fully or partially. The partially retransformed coarse 
grained zone may have a significant influence on toughness. The austenite areas are 
carbon-rich and are even enriched due to partitioning. On following cooling these 
‘islands’ transform into brittle twinned-martensite. (Hiramatsu, 2001) 
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3.2.4  Subcritical HAZ (SCHAZ) 

Subcritical HAZ is the region closest to the base material. The peak temperature in 
SCHAZ does not exceed A1 temperature i.e. it does not transform into austenite but 
softening may occur mainly due to tempering and particle coarsening (Biro et al., 2010) 
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4  PHASE TRANSFORMATIONS AND EVOLUTION OF 
MICROSTRUCTURE  

The following chapter addresses the many different microstructural phenomena that occur 
in relatively small volume during welding including austenitization, decomposition of 
austenite, recrystallization and grain growth. 

4.1  Phase transformation kinetics 

Phase transformations as well as precipitation always occur with same routine, nucleation 
and growth. Usually phase transformations occur by diffusional processes. The nucleation 
of second phase creates interface between different phases and due to the energy stored 
to the interface, the transformation does not occur immediately after the free energy of 
second phase is lower than matrix phase’s. Instead, there is an activation energy barrier 
that is required for nuclei to form. (Porter, Easterling and Sherif, 2009) 

The activation energy barrier is lower in the defects and boundaries than in the matrix. 
Therefore, the nucleation mechanism is usually heterogeneous nucleation. In this case, 
possible nucleation sites are free surfaces, grain boundaries and interphase boundaries, 
stacking faults, dislocations, vacancies and homogenous sites. Nucleation should occur 
faster on sites earlier in the previous list. Overall nucleation rate will depend on amount 
of different nucleation sites. (Porter, Easterling and Sherif, 2009) 

After small nuclei have formed, they begin to grow. The growth rate depends on the 
interface mobility. In some cases, the interface mobility is higher in one direction than 
the other. This may lead to needle or plate-like growth. (Porter, Easterling and Sherif, 
2009) 

4.1.1  JMAK-equation 

Johnson-Mehl-Avrami-Kolmogorov, also called JMAK-equation, (Eq. ( 1 )) can be used 
to model isothermal phase transformation. (Porter, Easterling and Sherif, 2009) The same 
equation is sometimes called Avrami’s equation or Johnson-Mehl-Avrami equation. 

 𝑋 = 𝑋#'E − exp −𝑘𝑡?  ( 1 ) 

where n is the numerical exponent, usually between 1 and 4. If the nucleation mechanism 
does not change, the n is temperature independent. k is temperature dependent rate 
constant which represents both nucleation and growth. Derivative of X with respect to t 
is (Leblond, Mottet and Devaux, 1985) 
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 𝑑𝑋
𝑑𝑡 = 𝑋#'E − 𝑋 𝑙𝑛

	  𝑋#'E
𝑋#'E − 𝑋

?\)
?
𝑛𝑘 𝑇 )/? 

( 2 ) 

where X is the current phase fraction, 𝑋#'E  is maximum phase fraction. The rate constant 
k may have different functional forms.  

4.1.2  Incubation 

Usually, the transformation does not begin immediately after it is thermodynamically 
possible but the beginning takes some time, as seen in Figure 7. The delay before one 
percent is formed is called incubation time. Incubation time can be calculated from ideal 
TTT-diagram using Scheil’s additivity rule (Eq. ( 4 )). The ideal TTT-diagram is obtained 
from continuous cooling experiments using Eq. ( 3 ) (Pham, Hawbolt and Brimacombe, 
1995) 

 

Figure 7. Ideal TTT curve showing that the beginning of phase transformation 
requires some time. 
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1

t(∆𝑇) =
𝑑𝜃J

𝑑(∆𝑇aab)
 ( 3 ) 

where 𝜃J is the constant cooling rate, ∆𝑇aab is the magnitude of the undercooling at the 
beginning of the transformation during continuous cooling. 

According to Scheil’s additivity rule, one percent is formed when 

 
∆𝑡
t(𝑇) ≥ 1 ( 4 ) 

where ∆𝑡 is time step and (Pohjonen et al., 2017) Original: (Pham, Hawbolt and 
Brimacombe, 1995) 

 
t 𝑇 = 𝐴4 𝑇4 − 𝑇 #dexp	  (

𝑄4
𝑅𝑇) 

( 5 ) 
 

Where T is the temperature in the beginning of time step, 𝐴4, 𝑇4, 𝑚4 and 𝑄4 are parameters 
fitted for incubation of each phase, separately.  

4.1.3  Effect of austenite grain size and carbon content 

The austenite grain size prior to the transformations has effect on the transformation 
kinetics if the transformation starts with heterogeneous nucleation because coarser grain 
structure has less heterogeneous nucleation sites. (Porter, Easterling and Sherif, 2009) 

Based on equation expressed in Watt et al., (1988), term 2
ghi
j  is added to the Eq. ( 2 ) so 

that 

 𝑑𝑋
𝑑𝑡 = 2

k\)
l 	   𝑋#'E − 𝑋 ln

𝑋_𝑚𝑎𝑥
𝑋#'E − 𝑋

?\)
?
𝑛𝑘 𝑇 )/? 

( 6 ) 

where G is the ASTM grain size number 

 𝐺 = 16.977642 − 2.885382 ln 𝐷  ( 7 ) 

where D is the mean grain diameter in 𝜇𝑚. Eq. ( 7 ) is logarithmic fit to the table presented 
in ASTM E112 standard. 

If the grain size prior to the decomposition of austenite in cooling experiments is known, 
the term in Eq. ( 8 ) can be modified as follows 



 

 

21 

 𝑑𝑋
𝑑𝑡 =

2
k{|}}~�Ä\)

l 	  

2
kÅÇ}ÇÉ~Ä~}Ñ\)

l 	  
𝑋#'E − 𝑋 ln

𝑋_𝑚𝑎𝑥
𝑋#'E − 𝑋

?\)
?
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( 8 ) 

which leads to  

 𝑑𝑋
𝑑𝑡 = 2

k{|}}~�Ä\kÅÇ}ÇÉ~Ä~}Ñ
l 𝑋#'E − 𝑋 ln

𝑋_𝑚𝑎𝑥
𝑋#'E − 𝑋

?\)
?
𝑛𝑘 𝑇 )/? 

( 9 ) 

The carbon concentration of austenite has effect on transformation kinetics because 
carbon increases stability of austenite and, therefore, hinders the formation of bainite.  

For transformation of the bainite, term 𝐶1/𝐶2 is added to the Eq. ( 9 ) (Donnay et al., 
1996) 

 𝑑𝑋
𝑑𝑡 =

𝐶1
𝐶2
2
k{|}}~�Ä\kÅÇ}ÇÉ~Ä~}Ñ

l 𝑋#'E − 𝑋 ln
𝑋_𝑚𝑎𝑥
𝑋#'E − 𝑋

?\)
?
𝑛𝑘 𝑇 )/? 

( 10 ) 

where  

 𝐶2 =
𝐶1 − 𝑋/ ∗ 0.02
1.0 − 𝑋/

 ( 11 ) 

where 𝐶1 is bulk concentration of carbon. 

The increasing carbon content in austenite has similar effect on martensitic 
transformation. Ms temperature changes if bainite forms before martensite-
transformation because the excess carbon in bainite partitions into the (residual) austenite 
and as seen in the previous equations the increasing amount of carbon decreases the Ms 
temperature. The following equation can be used to calculate the Ms in this case. (H. K. 
D. H. Bhadeshia and Honeycombe, 2006) 

 𝑀𝑠 = 𝑀𝑠1 − 564(𝐶2 − 𝐶1) ( 12 ) 

where 𝑀𝑠1 is 𝑀𝑠 temperature for bulk composition, 𝐶2 is carbon content of the austenite 
and 𝐶1 is the average carbon content of the alloy. It can be seen that enriched austenite 
lowers the martensite start temperature and therefore the model may give too high 
martensite fractions. However, it is difficult to know the carbon content of bainite, and 
thus the carbon content of austenite. Therefore, this is not included in the model. 
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4.1.4  Maximum amounts of phases  

As seen before, the maximum phase fraction for given phase is a variable in JMAK-
equation. In the following, the way to calculate maximum amounts of phases is presented. 
It can be seen that different equations for transformation temperatures have effect on 
maximum phase fraction curves. 

Maximum amount of austenite between A1 and A3 temperatures, as well as temperatures 
themselves, can be obtained from Thermocalc® software if the composition of steel is 
known. However, the graphical user interface (see Chapter 8) includes possibility to 
change the composition and then A1 and A3 temperatures are based on equations presented 
in the literature and the maximum austenite fraction is calculated using lever rule. Usage 
of equations and lever rule may hinder reliability of the result but it is assumed that this 
could be used to get at least qualitative results. 

 

Figure 8. Schematic picture of iron-carbon phase diagram. Reproduced after 
Martin (2011). 

 
𝑋/,#'E,â =

𝑙l
𝑙) + 𝑙l

=
𝐶ã − 𝐶1
𝐶#'E − 𝐶ã

 
( 13 ) 
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where 𝐶ã is the solubility of carbon in ferrite and 𝐶#'E	   is the solubility of carbon in 
austenite or the carbon content in pearlite, above and below A1 temperature, respectively. 
In this model, 𝐶ã is taken as constant 0.02 wt-%. 

These values can be calculated if equations for 𝐴*, 𝐴) and 𝐴"# are solved with respect to 
C. The symbols in following equations refer to bulk weight fractions of respective 
elements. 

𝑨𝟑: 

(Watt et al., 1988) 

 𝐴* 𝐾 = 1185 − 203 𝐶 − 15.2𝑁𝑖 + 44.7𝑆𝑖 + 104𝑉 + 31.5𝑀𝑜
+ 13.1𝑊 − 30𝑀𝑛 − 11𝐶𝑟 − 20𝐶𝑢 + 700𝑃
+ 400𝐴𝑙 + 120𝐴𝑠 + 400𝑇𝑖 

( 14 ) 

(Donnay et al., 1996) 

 𝐴* 𝐾 = 1184 − 29𝑀𝑛 + 70𝑆𝑖 − 10𝐶𝑟
− 418 − 32𝑀𝑛 + 86𝑆𝑖 + 𝐶𝑟 𝐶 + 232𝐶l 

( 15 ) 

𝑨𝒄𝒎: 

(Donnay et al., 1996) 

 𝐴"# 𝐾 = 638 + 536 𝐶 + 0.026𝑀𝑛 − 80 𝐶 + 0.026𝑀𝑛 l ( 16 ) 

𝑨𝟏: 

(Watt et al., 1988) 

 𝐴)(𝐾) = 996 − 10.7𝑀𝑛 − 16.9𝑁𝑖 − 29𝑆𝑖 + 16.9𝐶𝑟 + 290𝐴𝑠 + 6.4𝑊 ( 17 ) 

(Donnay et al., 1996) 

 𝐴)(𝐾) = 1000 ( 18 ) 

The values of 𝐶1 ,	  𝐶ã  and 𝐶#'E  are weight fractions. Therefore, the value obtained from 
Eq. ( 13 ) is also weight fraction and should, therefore, be converted to volume fraction. 
It is done as follows:  

 𝑚 = 𝜌𝑉 ( 19 ) 
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Therefore, maximum volume fraction is 

 

𝑋/,#'E =
𝑉/

𝑉/ + 𝑉'
=

𝑚/
𝜌/

𝑚/
𝜌/

+ 𝑚'
𝜌'

=

𝑋/,#'E,â𝑀
𝜌/

𝑋/,#'E,â𝑀
𝜌/

+
(1 − 𝑋/,#'E,â)𝑀

𝜌'

 

( 20 ) 

Where M is the mass of the whole system. This simplifies to 

 
𝑋/,#'E =

𝑋/,#'E,â
𝑋/,#'E,â + 1 − 𝑋/,#'E,â ∗

𝜌/
𝜌'
	  
 

( 21 ) 

where 𝑋/,#'E is maximum volume fraction of ferrite, 𝜌' and 𝜌/ are densities of austenite 
and ferrite, respectively. 

Maximum volume fraction of pearlite can be calculated using Eq. ( 22 ) 

 𝑋ô,#'E = 1 − 𝑋/,#'E ( 22 ) 

Maximum volume fraction of bainite can be calculated using Eq. ( 23 ) 

 𝑋%,#'E = 1 − 𝑋/ − 𝑋ô − 𝑋# ( 23 ) 

Where 𝑋/, 𝑋ô and 𝑋#  are volume fractions of ferrite, pearlite and martensite, 
respectively. 

Maximum volume fraction of martensite can be calculated using Eq. ( 24 ) 

 𝑋#,#'E = 1 − 𝑋/ − 𝑋ô − 𝑋% ( 24 ) 

During heating, maximum fraction of the austenite is calculated using Eq. ( 25 ) 

 
𝑋',#'E =

1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑇 ≥ 𝐴*
1 − 𝑋/,#'E	  	  	  	  𝐴) < 𝑇 < 𝐴*

0	  	  	  	  𝑇 ≤ 𝐴)
 

( 25 ) 
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Figure 9. Equilibrium volume fraction of austenite. 
As seen in Figure 9, the values obtained from equations proposed by Watt et al. (1988) 
and Donnay et al. (1996) differ from those from Thermocalc®. The austenitization model 
is parametrized in two parts. The changing point that gave best fit was 840 °C. That is 
exactly the same than 𝐴* temperature from Thermocalc®. Even if it may be coincidence 
that the temperature is the same, it is assumed that Thermocalc® gives best results and it 
is therefore advisable to use values from Thermocalc® if possible. If user edits the 
composition, the maximums are calculated using equations proposed by Watt et al. (1988) 
because they are closer for Thermocalc® values. The values from Thermocalc® are used 
in simulations done during this work.  

4.2  Melting and solidification 

The melting and solidification are important phenomena in welding. In this work, they 
are simplified quit roughly because the fusion zone is not part of interest but only modeled 
to make the temperature model more realistic. In their HAZ-model, Watt et al. (1988) 
have made an assumption that delta-ferrite does not form at all. In this model, similar 
simplification is made so that delta-ferrite and liquid are handled as one ‘phase’.  The thin 
layer next to fusion zone that transforms (partially) into delta-ferrite region is handled as 
part of the fusion zone. Even though the focus of this work is in the HAZ, the modeling 
of melting (and solidification) is necessary to model the heat input reliably. The latent 
heat of the formation of the delta-ferrite is noticed in the latent heat fusion. 
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4.2.1  Melting 

The melting occurs at the equilibrium melting point even at high heating rates. (Porter, 
Easterling and Sherif, 2009) Melting is modeled so that above the liquidus temperature, 
the metal starts to melt so that it is completely molten in 0.5 seconds. There is no physical 
reason for chosen melting time. It is only used add stability to model and to make it easier 
to model the latent heat of fusion. 

4.2.2  Solidification 

According to Porter et al. (2009), the nucleation barrier for solidification is very low and 
therefore, there is very little undercooling. In consequence, the solidification occurs 
epitaxially. The solidifying phase depends on cooling rate, for low cooling rates it is delta-
ferrite and for high cooling rates, melt solidifies directly to austenite in case of low alloyed 
carbon steels. Solidification to austenite may be detrimental because inclusions will be in 
austenite’s columnar grain boundaries instead of being inside these grains which is the 
case if melt initially solidifies to delta-ferrite. Furthermore, the diffusion rate is much 
higher in the ferrite and therefore there will be less segregation if melt solidifies to ferrite  
(Bhadeshia and Svensson, 1993) 

4.3  Austenitization 

As the temperature of the steel rises over 𝐴) temperature the equilibrium phases are ferrite 
and austenite and above 𝐴* the only thermodynamically stabile phase is austenite. 
Kinetics and mechanisms of austenitization are far less studied than those of 
decomposition of austenite. The following addresses kinetics of austenitization and how 
heating rate and initial microstructure affect the transformation. 

Unlike in austenite-to-ferrite transformation, the driving force for transformation and 
diffusivity increase with temperature and therefore the transformation rate increases 
indefinitely with temperature. (Bhadeshia and Svensson, 1993) 

4.3.1  Ferrite and pearlite to austenite 

The growth of austenite from ferrite is controlled by processes at the interface. If the 
initial microstructure is pure ferrite the nucleation of austenite takes place at ferrite-ferrite 
grain boundaries. (Caballero, Capdevila and Andrés, 2001)  

If the initial microstructure is fully pearlitic, austenite nucleates inside pearlite at the 
points of intersection of cementite and the edge of the pearlite colony. Therefore, the rate 
of nucleation increases as the interlamellar spacing decreases and as the edge length of 
the perlite colony increases. It is believed, that the growth rate of austenite is controlled 
by either the volume diffusion of carbon or boundary diffusion of substitutional atoms.  
(Caballero, Capdevila and Andrés, 2001) 
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In the austenitization of initially ferrite-pearlite steel, there are two types of 
transformations, dissolution of pearlite and ferrite-to-austenite transformation. 
(Caballero, Capdevila and Andrés, 2001)  

4.3.2  Bainite to austenite 

At low heating rates (0.1 and 1.0 K/s), the bainite-to-austenite transformation is controlled 
by diffusion. For lower heating rates the transformation is controlled by diffusion of 
alloying elements. And for little higher heating rates it is controlled by volume diffusion 
of carbon. When heating rate is 5 K/s the bainite-to-austenite reaction takes place in a 
single step and it is mainly controlled by shear. (Chang and Yu, 2013) 

It could be assumed that nucleation rate in bainite is very high due to fine distribution of 
carbides. As stated above the nucleation rate in pearlite increases as interlamellar spacing 
decreases. Fine carbides in tempered martensite increase also transformation rate in 
comparison to one with coarser carbides (Spezzapria et al., 2017)  

4.3.3  Martensite to austenite 

Martensite-to-austenite kinetics depend on heating rate. transformation is diffusion 
controlled at low heating rate. This leads to globular low strength austenite. At high 
heating rates, the transformation occurs by shear (similar to austenite-to-martensite 
transformation). This leads to lath shaped austenite with high strength.  (Spezzapria et al., 
2017) 

4.3.4  Modeling of austenitization 

In this work, austenitization experiments were made and it became clear that the 
transformation rate is very high and the transformation is time-independent, similar to 
austenite-to-martensite transformation. The transformation was parameterized in two 
parts because this way gave the best fit. This may be coincidence but it may also indicate 
that the transformation takes place in two parts; firstly, the dissolution of carbides (ferrite 
also to austenite near carbides) between 𝐴) and 𝐴* and ferrite-to-austenite transformation 
above 𝐴*. 

It would be anticipated that the austenite formation for slow cooling rates would be time 
dependent process, and could be modelled using usual Avrami type equation as function 
of time. As mentioned, the experiments for the fast cooling rates relevant for welding 
indicated that the fraction of austenite transformed was dependent only on the 
temperature. Since the temperature dependence followed Avrami type curve as function 
of temperature, the following equation was used. 

 𝑋ú(𝑇) = 1 − exp	  (−𝑘∆𝑇?) ( 26 ) 

where ∆𝑇 is superheating, k is the rate constant and n is the numerical exponent. 
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Figure 10. Volume fraction of austenite vs temperature over wide range of heating 
rates. 

4.4  Decomposition of austenite 

4.4.1  Formation of ferrite 

Ferrite is equilibrium phase of iron and many of its alloys. It is thermodynamically stable 
below the 𝐴𝐴* temperature. Most important nucleation sites for ferrite are austenite grain 
boundaries and surfaces of inclusions. (Porter, Easterling and Sherif, 2009) 

4.4.2  Formation of pearlite 

If the cooling rate is slow enough, the composition of the austenite at 𝐴𝐴) temperature is 
close to eutectoid composition. Then below 𝐴𝐴) eutectoid transformation will occur. It 
begins with nucleation of either ferrite or cementite on austenite grain boundary. The 
nucleus has certain orientation relationship with initial grain boundary. When the first 
phase nucleates, the other phase will nucleate next to it. Formation of cementite will 
create carbon depleted area around it creating a favorable condition for the formation of 
ferrite. The formation of ferrite then creates carbon rich area next to it and then cementite 
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will nucleate easily. This process may be repeated many times and nuclei form along 
grain boundary. After nucleation, the nuclei start to grow into the austenite grain (the 
austenite grain without the orientation relationship). (Porter, Easterling and Sherif, 2009) 

The pearlite may also form from austenite even if the composition of the austenite is not 
exactly the eutectoid composition. This may happen if the austenite is cooled below the 
extended 𝐴"# line (dashed line in Figure 8).  (Porter, Easterling and Sherif, 2009) 

4.4.3  The bainite reaction 

Bainite is formed when diffusion rate is too low for ferrite and pearlite but driving force 
is not high enough for martensite. The structure of bainite changes as the transformation 
temperature decreases. Two main forms are upper and lower bainite. Upper bainite is 
formed in temperature range between 550-400 C. (Depending on the composition). The 
evolution of the upper bainite begins with the nucleation of ferrite plates at austenite grain 
boundaries. (H. K. D. H. Bhadeshia and Honeycombe, 2006)  

The lower bainite is very similar to upper bainite. The main difference is that cementite 
particles also precipitate inside the plates of ferrite. The precipitates in ferrite are 
precipitated from supersaturated ferrite. (H. K. D. H. Bhadeshia and Honeycombe, 2006)  

Granular bainite is bainite that has formed during continuous cooling. Therefore, the 
sheaves of bainite are quite coarse. (H. K. D. H. Bhadeshia and Honeycombe, 2006) The 
morphology of forming bainite is not taken into account in the model but all types of 
bainite are taken as one. 

There are equations for the bainite start temperature, differing a little depending on the 
reference.  

(H. K. D. H. Bhadeshia and Honeycombe, 2006) 

 𝐵𝑠 𝐾 = 1103 − 270𝐶 − 90𝑀𝑛 − 37𝑁𝑖 − 70𝐶𝑟 − 83𝑀𝑜 ( 27 ) 

(Watt et al., 1988) 

 𝐵𝑠 𝐾 = 929 − 58𝐶 − 35𝑀𝑛 − 75𝑆𝑖 − 15𝑁𝑖 − 34𝐶𝑟 − 41𝑀𝑜 ( 28 ) 

In this model, 𝐵𝑠 temperature proposed by Bhadeshia and Honeycombe is used. 

4.4.4  Formation of martensite 

Formation of the martensite is diffusionless transformation. The diffusionless means that 
movement of single atom during transformation is less than one interatomic spacing. The 
austenite-to-martensite transformation takes place by a homogenous shear. The 
mechanisms of transformation are not fully known because one plate may grow through 
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austenite grain in ~10\û𝑠 making it difficult to study the mechanics experimentally.  The 
martensite is virtually carbon super saturated ferrite. (Porter, Easterling and Sherif, 2009) 

4.4.5  Modeling the decomposition of austenite 

It is assumed that there are four different austenite decomposition mechanisms that 
compete. For the formation of ferrite, pearlite and bainite, the JMAK-equation is used. 
For the rate constant k, the function form given by Eq. ( 29 ) is used. (Umemoto, Horiuchi 
and Tamura, 1983) 

 𝑘 𝑇 = 𝑒𝑥𝑝(𝑎 𝑇 − 𝑇1 l − 𝑐) ( 29 ) 

where a, 𝑇1, and c are parameters fitted for experimental data.  

For the formation of martensite, Koistinen-Marburger equation is used. The term 𝑋#(𝑇 =
𝑇°A)  is added to equation presented in the reference (Martin, 2011). The reason is that it 
has to be taken into account that amount of martensite may not be zero at the beginning 
of the austenite-to-martensite transformation in the intercritical zone. In this work, it is 
assumed that transformed fraction is dependent on undercooling below the 𝑀A 
temperature. Even though, there are martensitic reactions that can proceed in constant 
temperature (H. K. D. H. Bhadeshia and Honeycombe, 2006).   

 𝜕𝑋#
𝜕𝑡 = −𝜇𝑋#,#'E 1 − exp −𝜇 𝑇°A − 𝑇

𝜕𝑇
𝜕𝑡 + 𝑋#(𝑇 = 𝑇°A) ( 30 ) 

The maximum amount of martensite, 𝑋#,#'E is calculated as follows 

 𝑋#,#'E = 1 − 𝑋/ − 𝑋ô − 𝑋% − 𝑋#(𝑇 = 𝑇°A) ( 31 ) 

where 𝑋#(𝑇 = 𝑇°A) is the fraction of martensite when austenite-to-martensite 
transformation begins. 

Equations for martensite start temperature differ a little depending on the reference. 
However, following equations give almost same 𝑀𝑠 temperature for the composition of 
the parameterized steel. 

(H. K. D. H. Bhadeshia and Honeycombe, 2006) 

 𝑀𝑠 𝐾 = 812 − 423𝐶 − 30.4𝑀𝑛 − 17.7𝑁𝑖 − 12.1𝐶𝑟 − 7.5𝑀𝑜 ( 32 ) 

(Watt et al., 1988) 

 Ms 𝐾 = 834 − 474𝐶 − 33𝑀𝑛 − 17𝑁𝑖 − 17𝐶𝑟 − 21𝑀𝑜 ( 33 ) 
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The parameters for transformations were fitted by PhD Aarne Pohjonen. He uses Matlab® 
and fminsearch function to find parameters that minimize the difference between 
experimental and modeled results. Parameters for the formation of pearlite could not be 
obtained because pearlite was not formed in experiments. 

4.5  Evolution of the grain structure 

4.5.1  Recrystallization 

If there is strain-energy stored in the base material and the temperature rises above 
~0.5𝑇# The recrystallization tends to occur. Recrystallization creates new strain-free 
grains. However, recrystallization requires diffusion and because diffusion needs time, 
the actual recrystallization temperature may be much higher. (Kou, 2003)  

Usually, recrystallization occurs in the cold formed austenitic steels. (Thiessen and 
Richardson, 2006) In low carbon steels, the strain energy for recrystallization may be lost 
in austenitization.  

4.5.2  Grain growth 

Grain growth occurs because the random grain structure of steel is naturally unstable. 
There is curvature in grain boundaries and therefore, there are forces that try to move the 
boundary. The directions of forces are so that small grains tend to diminish and large 
grains to grow. Grain growth may occur when temperature is above ~0.5Tm. The driving 
force why the boundaries begin to move is because as the grain-boundary area decreases 
the total grain-boundary energy decreases. (Porter, Easterling and Sherif, 2009) Grain 
growth is an important aspect in welding metallurgy because it has significant effect on 
mechanical properties as seen in chapter 6. Under isothermal conditions, the following 
equation can be used to model the grain growth (Grong, 1997) 

 
𝐷
i
� − 𝐷1

i
� = 𝐶𝑒𝑥𝑝 − •

¶b
t ( 34 ) 

 

where D is the mean grain size, 𝐷1 is the initial grain size, C is a kinetic constant, Q is the 
activation energy for grain growth. However, welding is far from isothermal and grain 
growth per time unit can be calculated from (Moon, Lee and Lee, 2007) 

 ∆𝐷
∆𝑡 = 𝑛𝐾

1
𝐷

)
?\)

 
( 35 ) 

 

where D is the mean grain diameter and n is the time exponent and k is the rate constant, 
calculated using Eq. ( 36 ) (Moon, Lee and Lee, 2007) 
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 𝐾 = 𝐶𝑒𝑥𝑝 −
𝑄'">
𝑅𝑇  ( 36 ) 

 

where C is a constant, R is the molar gas constant, T is temperature in Kelvin and 𝑄'"> is 
the activation energy calculated using Eq. ( 37 ).  (Moon, Lee and Lee, 2007) 

 𝑄'">(𝑘𝐽) = 352185.3 + 21827.3𝐶 + 19950.9𝑀𝑛 + 7185.5𝐶𝑟
+ 7378.1𝑁𝑖 

( 37 ) 

where C, Mn, Cr and Ni are bulk weight fractions of respective elements.  

4.5.3  Particles and pinning effect 

Common microalloying elements in low alloy steels are Al, V, Nb and Ti. Usually the 
weight fraction of these elements is quite low (below 0.1 wt-%). These elements are added 
alone or in combination. These elements may form simple carbides and nitrides or 
complex carbonitrides. Generally, nitrides are more stable than carbides and these 
elements prefer to form nitrides. (Radis, 2010) 

The particles in steel matrix restrain grain growth. The particle will create a force that 
opposes the driving force for grain growth. At some point, the drag force will overcome 
the driving force for grain growth and the grain growth stops. Maximum grain size can 
be calculated using following equation (Porter, Easterling and Sherif, 2009) 

 𝐷°'E =
4𝑟
3𝑓 ( 38 ) 

 

where r is the particle radius and f is the volume fraction of particles. It is assumed that 
all the particles have same radius and they are distributed uniformly.  

If pinning effect is taken into consideration, equation ( 35 ) can be expressed as follows 
(Moon, Lee and Lee, 2007) 

 𝑑𝐷
𝑑𝑡 = 𝑛𝐾

1
𝐷 −

𝑓	  
𝐾®𝑟

)
?\)

 
( 39 ) 

 

where KZ is the Zener coefficient, f is the volume fraction of precipitate and r is the 
particle radius.  

If the temperature rises high enough, the precipitates start to grow. The precipitates may 
also dissolve. This leads to loss of restraining force and the grains can grow freely. When 
the dissolution/coarsening occurs, some boundaries may face the disappearance of the 
restraining force earlier than others and this leads to abnormal grain growth which turns 
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the fine-grained structure into a very coarse grained structure.  (Porter, Easterling and 
Sherif, 2009) 

For simplicity, it is assumed that the precipitates dissolve in one temperature. They 
precipitate at the same temperature during cooling. The temperature depends on 
composition and precipitate (Eq. ( 40 )). It is assumed that volume fraction of precipitate 
and radius of particle are constants below 𝑇, temperature. The volume fraction of 
precipitate is estimated assuming that particles consume the metal component totally, for 
instance, that all the niobium forms NbC. Assumptions are very rough, but due to lack of 
time to create better model for precipitates, assumptions are necessary because 
precipitation of carbides, nitrides or even carbo-nitrides in multi-alloy steel is very 
complex process. Model includes currently effect of NbC and TiN.  

Solubility temperature for different carbides can be calculated using equatio (Grong, 
1997) 

 𝑇, =
𝐵

𝐴 − log 𝐶 ? 𝑀 # ( 40 ) 

where TS is the solubility temperature in Kelvins, A and B are constants (see Table 1), C 
and M are the concentrations (wt-%) of non-metal and metal, respectively. n and m are 
stoichiometry constants of non-metal and metal, respectively. 

Table 1. Equilibrium solubility products. [1] Bhadeshia and Honeycombe (2006a) 
[2] Grong (1997) [3] Goldak and Aghlaghi (2005) 

Precipitate A B Ref. 

NbC 2.26 6770 [1] 

NbN 4.04 10230 [2] 

TiN 0.32 8000 [2] 

TiC 2.75 7000 [1] 

AlN 3.46 6770 [1] 

VC 3.11 7520 [3] 

VN 3.46 8330 [1] 

Mo2C 5.0 7375 [2] 
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4.5.4  Grain growth under temperature gradients 

Grain growth under thermal gradients differs from ‘normal’ grain growth. When 
comparing real HAZ grain growth and simulated grain growth (‘bulk’ heated small 
specimen), the simulated grain size is sometimes bigger. The cause for this phenomenon 
is called thermal pinning. Thermal pinning is caused by mobility gradient which hinders 
the grain growth in comparison to specimen where is neither temperature gradients nor 
mobility gradients. (Grong, 1997) 
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5  PHASE TRANSFORMATION EXPERIMENTS 

Phase transformations are modeled based on equations presented earlier and, as seen, 
several parameters are needed. To obtain these parameters, both cooling and heating 
experiments were carried out.  

Thermomechanical simulator, combined with dilatometry, is good equipment for 
evaluation of solid-solid phase transformations in steels. The phase transformations can 
be monitored based on volume changes over wide range of heating and cooling rates. 
(García De Andrés et al., 2002) In this work Gleeble 3500 thermomechanical simulator 
was used to obtain dilatometry data.  

5.1.1  Austenitization 

First, Ø5X7.5 mm cylindrical specimens were used. However, due to restrictions in the 
thermomechanical simulator the results for heating rates over 250 °C/s were not reliable. 
Therefore, Ø6X40 mm specimens were used. They were heated to 1350 °C with heating 
rates of 5, 50, 250, 500, 750 and 1000 °C/s and cooled 50 °C/s to the room temperature 
immediately after reaching the target temperature of 1350°C. It was found that 
transformation to austenite is time independent for heating rates common in welding. 
Results can be seen in Figure 10 

5.1.2  Decomposition of austenite 

To evaluate the phase transformation during cooling, Ø6x40 mm specimens were heated 
to 1350 °C at the heating rate of 640 °C/s and then cooled to room temperature at cooling 
rates 5, 10, 20, 30, 40, 50, 60, 70, 80 and 90 C/s. After thermomechanical simulation, 
specimens were polished and hardness (HV10) was measured from four points at the 
centerline of specimen. After hardness measurements, the specimens were etched in 2% 
Nital for 10 seconds. Volume fraction of each phase was studied using simple image 
analysis. Results and determination of the parameters will be presented in the Esaform 
2018 conference. 

5.2  Dilatometer data to phase fractions 

As said, thermomechanical simulator was used to obtain dilatation data. Then, the 
obtained data needs to be converted to phase fractions. Figure 11 shows the length change 
measured by dilatometer in different temperatures and two linear fits to dilatometer curve 
to represent the thermal expansion of the ferrite and austenite. 
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Figure 11. Dilatation curve and linear fits to ferrite and austenite. (Heating rate is 
50 °C/s.) 

Volume fraction of austenite in certain temperature can be calculated using the following 
equation  

 
𝑋𝑋' 𝑇𝑇 =

𝐹𝐹$ 𝑇𝑇 − 𝐷𝐷$(𝑇𝑇)

𝐹𝐹$ 𝑇𝑇 − 𝐴𝐴$(𝑇𝑇)
 ( 41 ) 

Where 𝐹𝐹 𝑇𝑇  is the value of ferrite fitting in this temperature, 𝐴𝐴(𝑇𝑇) is the value of austenite 
fitting in this temperature and 𝐷𝐷 𝑇𝑇  is the measured dilatometer value at this temperature.  



 

 

37 

 

Figure 12. Schematic of dilatation curve and how lever rule is used. 

Figure 13 shows the phase fractions calculated from data seen in Figure 11 using Eq. ( 41 
) 

 

Figure 13. Volume fraction of austenite. (based on dilatometer data seen in Figure 
11.) 



 

 

38 

5.3  Phase fractions to austenitization parameters 

To obtain parameters k, n and 𝑇1, natural logarithm is taken twice from Eq. ( 26 ). This 
leads to following equation. 

 ln(− ln(1 − 𝑋ú 𝑇 )) = ln 𝑘 + 𝑛 ln (𝑇1 − 𝑇  ( 42 ) 

 

Figure 14. Schematic figure showing pseudo plot of Eq. ( 42 ) and a linear fit to data 
points.  

Then the values obtained from dilatometer data, can be plotted against natural logarithm 
of the superheat. 𝑇1 is obtained directly from Figure 13 (the temperature the 
transformation begins at). Then, if the values are plotted, the values of k and n can be 
obtained from linear fit so that the slope of the curve is n and the point where line 
intercepts the y-axis is ln(𝑘)  
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6  MECHANICAL PROPERTIES 

Prediction of the hardness of the heat-affected zone is part of this work. Therefore, 
mechanisms behind strength and hardness and different ways to model or predict 
mechanical properties are discussed, even in more detail than used in the model. As later 
described, factors affecting mechanical properties are so complex that perfect modeling 
of these is not possible nor reasonable and several assumptions has to be made. 

6.1  Strength and hardness of steel alloy 

In general, the hardness and strength are proportional to each other i.e. strengthening 
mechanisms increase hardness also. Plastic deformation of the steel can be described as 
the movement of the dislocations. Therefore, the strength of the metal is inversely 
proportional to the dislocation mobility. (Dieter, 1988) 

The strength of steel is a sum of different strengthening mechanisms. Most important 
strengthening mechanisms are grain size refinement, work hardening, solid solution 
hardening by both interstitial and substitutional atoms and dispersion strengthening. 
However, it is hard to say how much each factor contribute to the overall strength. (H. K. 
D. H. Bhadeshia and Honeycombe, 2006)  

Grain size refinement 

Grain size refinement increases the yield strength. In experiments by bicrystals, it was 
found that the strength increases as the misorientation between two crystals increases. 
These results indicate that grain boundary has higher strength than single crystal. As the 
grain size decreases there will be more grain boundaries leading to higher strength. The 
general relationship between strength and grain size, known as Hall-Petch relationship, is 
expressed in the Eq. ( 43 ). Similar relationship applies also to other mechanical 
properties. (Dieter, 1988) 

 
𝜎@ = 𝜎1 +

𝑘@
𝐷

 ( 43 ) 

where 𝜎1 is the friction stress, 𝑘@ is a constant and D is the grain size. Friction stress can 
be described as the strength of single crystal i.e. the strength when the grain size is infinite. 

Work hardening 

Plastic deformation produces more dislocations into steel. Increase in the number of 
dislocations and the interaction between them leads to increased strength. There is also 
Hall-Petch type relationship between yield strength and dislocation density. (Dieter, 
1988) 
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 𝜎@ = 𝜎1 + 𝛼𝐺𝑏 𝜌$ ( 44 ) 

where 𝛼 is the numerical constant, G is the shear modulus, 𝑏 is the burgers vector and 𝜌$ 
is dislocation density. 

Solid solution hardening 

Addition of the solute atoms produces an alloy that is stronger than the pure lattice. If the 
solute atoms are roughly the same size than the matrix atom, it is called substitutional 
solid solution and the solution atoms will occupy the positions of the matrix atoms in the 
metal lattice. If the solute atoms are smaller than matrix atoms, they occupy interstitial 
positions in the lattice. Usually, the addition of the solute atoms raises the stress-strain 
curve as a whole. This leads to conclusion that solute atoms increase the frictional 
resistance of the whole matrix rather than lock the dislocation staticly. Hardness increase 
varies directly with the lattice parameter resulting from the solute addition.  (Dieter, 1988) 

Dispersion strengthening 

Dispersion strengthening is strengthening due to different structures in the matrix phase. 
These can be, for instance, carbides, nitrides or even graphite in cast irons. (Bhadeshia 
and Honeycombe, 2006) The fine particles can decrease the dislocation mobility in many 
different ways (Dieter, 1988) 

The effect of dispersions can be calculated based on Orowan relationship (Bhadeshia and 
Honeycombe, 2006) 

 𝜎@ = 𝜎1 +
𝑇

𝑏Λ/2 ( 45 ) 

where 𝜎1 is the strength of the matrix, T is the line tension of a dislocation and b is the 
Burgers vector and Λ is the interparticle spacing. Ashby’s more precise version which 
takes the radius of particles into account is as follows (Bhadeshia and Honeycombe, 2006) 

 𝜎@ = 𝜎1 +
𝐺
4𝑟 𝜙$ln	  (

Λ − 2𝑟
2𝑏 )(

1
(Λ − 2𝑟)/2) 

( 46 ) 

where 𝜙 is a constant and G is the shear modulus. From equations ( 45 ) and ( 46 ), it can 
be concluded that small particles close to each other provides highest strength. 

6.2  Prediction of the strength 

Usually, strength of phase mixture is calculated as a volume weighted sum of strengths 
of individual phases. In some cases, this theory fails. For instance, mixture of martensite 
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and bainite may have higher strength than each of individual phases. (H. K. D. H. 
Bhadeshia and Honeycombe, 2006) 

6.2.1  Strength of martensite and bainite 

Strength of individual martensite and bainite phases can be calculated as follows: ( 
Bhadeshia and Honeycombe, 2006) 

 𝜎 = 𝜎≠& + 𝑐,,4𝜎,,4 + 𝜎a + 𝐾: 𝐿 \) + 𝐾$𝜌$1.Ø
4

 ( 47 ) 

where 𝑐,,4 is the concentration of the substitutional solute, 𝜎≠& is the strength of pure iron, 
𝐾: is the coefficient for strengthening due to lath size, 𝐾$ is the coefficient for 
strengthening due to dislocations. 𝜎,,4 is the substitutional solution strengthening, sC is 
the solid solution strengthening due to carbon, r$ is the dislocation density and L is the 
ferrite plate size. 

Dislocation density is dependent on transformation temperature as follows: 

 log)1 𝜌$ = 9.2840 +
6880.73

𝑇 −
1780360

𝑇l  ( 48 ) 

where T is the transformation temperature. The equation is valid between 570 K and 920 
K. 

6.2.2  Strength of ferrite-pearlite steel 

 𝜎 = 53.9 + 32.34𝑀𝑛 + 83.2𝑆𝑖 + 354.2𝑁≠ +
17.4
𝐷

 ( 49 ) 

where Mn is the weight fraction of manganese and Si is the weight fraction of silicon, 𝑁≠ 
is the free nitrogen content (wt-%) and D is the grain size of ferrite (mm). (Bramfitt, 1997) 

6.3  Prediction of the hardness 

As seen in previous chapters, mechanisms behind hardness are quite complicated. 
Therefore, to predict the hardness based on microstructure is quite difficult. The grain 
size or packet and lath size, dislocation density, particle structure and phase fractions 
should be known as well as the alloying content of the solid solution and the differences 
in alloying content between different phases. Obviously, this is too difficult task to be 
done in this work. Therefore, simpler model, expressed below, is used.  

The overall hardness is weighted sum of the hardnesses of the individual phases 
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 𝐻 = 𝑋4𝐻4 ( 50 ) 

Where 𝑋4 is the volume fraction of phase i and 𝐻4 is the hardness of phase i. Hardness of 
individual phase is calculated as follows: 

 𝐻4 = 𝐻±°,4 +
𝐻Bô,4
𝐷
− 𝜙𝐻A≤/>,4 ( 51 ) 

where 𝐻±°,4 and 
≥¥Å,d
$

 are Hall-Petch-type terms, 𝐻A≤/>,4 is the value of the hardness loss 
after long time period and 𝜙 is the softening factor (between 0 and 1). Subscript i denotes 
to different phases.  

In reference, the softening term is used to model the softening in the sub-critical HAZ of 
the initially martensitic structure. In this work, it is attempted to use it over the whole 
HAZ. Softening factor has JMAK-type equation (Biro et al. 2013). 

 𝜙 = 1 − exp −𝑘𝑡 ? ( 52 ) 

where n is the numerical exponent and k is the rate constant of the softening (Biro et al. 
2013).  Because the welding is non-isothermal. 𝜙 is calculated using equation similar to 
Eq. ( 2 ) 

 𝑘 = 𝑘1𝑒𝑥𝑝(
𝑄
𝑅𝑇) 

( 53 ) 

where 𝑘1 is constant, 𝑄 is activation energy. The JMAK-form of the equation makes sense 
because similar equation can be used to model particle coarsening and particle coarsening 
hinders mechanical properties. Softening factor can otherwise be expressed as: (Biro et 
al. 2013) 

 𝜙 =
𝐻±° − 𝐻
𝐻±° − 𝐻µ

 ( 54 ) 

where 𝐻±° is the initial hardess of the base material, 𝐻 is the hardness after softening and 
𝐻µ is the hardness after very long annealing. The equation can also be expressed as 
follows: 

 𝐻 = 𝐻±° − 𝜙(𝐻±° − 𝐻µ) ( 55 ) 

(𝐻±° − 𝐻µ) is expressed as 𝐻A≤/> and 𝐻±° is replaced with Hall-Petch terms in the Eq. 
( 51 ) 
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7  PROGRAMMING LANGUAGES 

Graphical user interface and numerical model were programmed using Python and 
Fortran 90 programming languages. This chapter is short introduction to programming 
languages that were used. 

7.1  Python  

Python is a programming language that is widely used in web and internet development, 
scientific and numeric computing, education and desktop GUIs (Graphical user 
interfaces). In this work python is used to create a graphical user interface to the model. 
The core of the numerical model is also programmed using Python. The core works as a 
platform that runs the faster modules created by Fortran. (Python, 2017) 

7.1.1  NumPy and f2py 

NumPy is the fundamental package for scientific computing with Python. It introduces a 
powerful array object, useful functions and tools for integrating C/C++ and Fortran code. 
F2py is part of NumPy and it is used to compile Fortran subroutines into Python modules. 
(NumPy developers, 2017) 

7.1.2  Matplotlib  

Matplotlib is a Python 2D plotting library which produces publication quality figures in 
a variety of hardcopy formats and interactive environments across platforms. (The 
Matplotlib development team, 2017) Visualized data output of the model is created using 
Matplotlib. 

PyQt is a set of Python bindings for the Qt Company’s Qt application framework. It runs 
on all platforms supported by Qt. For a non-programmer, PyQt can be described so that 
it enables creation of Qt based graphical user interfaces within Python. (Riverbank 
Computing, 2017) In this work, the GUI is created using Python and PyQt4.  

7.2  Fortran 

Fortran is the most important and widely used programming language in numerical 
computation. It was originally developed by IBM and first version was launched in 1957 
and new versions have come out regularly, latest in 2010. (Haataja, Rahola and 
Ruokolainen, 2007) 

In this work, Fortran 90 is used to create modules for Python to make the bottle necks of 
the Python code much faster. It was found that for simple array iteration Fortran module 
is about 150 times faster than Python. This difference is quite significant because usage 
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of finite difference method requires mostly array operation. For instance, most accurate 
simulation takes about 60 seconds per simulated second and if the code would be pure 
python the same would take two and half hours. One simulation may be, for instance, 300 
seconds. The usage of Fortran modules shortens the calculation time from roughly one 
month to 5 hours. 
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8  GRAPHICAL USER INTERFACE 

A Graphical user interface (GUI) was created to make it easier to use the model and adjust 
the input parameters. The GUI makes it possible to distribute the model to persons and 
devices without need of special software and/or programming skills. The GUI was created 
using Python’s PyQt module. 

The GUI allows the user to change common welding parameters such as, current, voltage, 
travel speed, feed rate, heat input efficiency and wire diameter as well as joint preparation 
and other dimensions. It also includes some model related parameters like simulation 
accuracy or heat source type and parameters. It also allows user to do different types of 
simulations. For instance, multi bead welding and two different inter-pass schemes.  

User can also simulate how the composition and initial structure affect the welding 
results. However, models for the effect of composition are quite rough. The GUI allows 
also rough visualization of how the groove is filled based on wire feed rate and nozzle 
travel speed. 

 

Figure 15. Main window of the graphical user interface. 
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9  MODEL 

9.1  Simplifications 

The welding process is modeled as a two-dimensional cross-section of the plate. These 
two dimensions are the width and thickness of the plate. It is assumed that temperature 
distribution is symmetric and therefore only one half is modeled. This assumption reduces 
calculation time significantly. Figure 16 shows the whole welding setup and the area that 
is modeled. 

 

 

Figure 16. Gray area represents the modeled area and arrow indicates the welding 
direction. 

To justify the usage of two-dimensional model, it is assumed that there is no temperature 
gradient in the direction of the movement. The assumption can be justified as follows: the 
gradient in front of the heat source is nearly zero because the conduction into the piece is 
so effective that radiative heat loss from the front can be neglected; and the material right 
behind the heat source is nearly as hot as under the heat source so the heat goes virtually 
into piece transverse to the groove. However, near the heat source the temperature 
gradient may be higher slightly towards the direction of movement rather than transverse 
to the movement as seen in Figure 17. This will apparently create some error but due to 
the movement of the heat source this will not last very long locally and after the heat 
source passes the point the heat start to flow transverse to the movement. 
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Figure 17. In reality, near the heat source the heat may rather go to the direction of 
the solid arrow (or some other direction in front of the source) but 2D-model 
assumes it goes to the direction of the dashed arrow.   

9.2  Two-dimensional heat transfer 

9.2.1  Conduction 

The heat equation Eq. ( 56 ) is expressed in two dimension in Eq. ( 57 ) 

 
𝜌𝑐
𝜕𝑇
𝜕𝑡 − ∇ 𝑘∆𝑇 = 𝑄 

( 56 ) 

 
𝜌𝑐
𝜕𝑇
𝜕𝑡 =

𝜕
𝜕𝑥 𝑘

𝜕𝑇
𝜕𝑥 +

𝜕
𝜕𝑦 𝑘

𝜕𝑇
𝜕𝑦 + 𝑄 

( 57 ) 

where k is the thermal conductivity, c is the specific heat capacity, r is the density, T is 
the temperature and Q is the heat source term.  

9.2.2  Radiation and convection 

To simulate air cooling, it is assumed that heat loss occurs from the piece by convection 
and radiation (Martin 2011). 
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Figure 18. Boundary conditions used in simulation (during first pass of two pass 
weld). Red dashed line represents convection and radiation and blue solid line 
represents symmetry. 

For convection, the Eq. ( 58 ) is used (Martin 2011) 

 ℎ"≤?π = ℎ(𝑇 − 𝑇&E>) ( 58 ) 

where h is the convection coefficient, 𝑇 is the temperature at the boundary and the 𝑇&E> is 
the ambient temperature.  

The heat loss by Stefan-Boltzmann radiation can be calculated using following equation 
(Martin 2011) 

 ℎ0'( = 𝜎𝜖 𝑇* + 𝑇l𝑇&E> + 𝑇𝑇&E>l + 𝑇&E>* (𝑇 − 𝑇&E>) ( 59 ) 

where 𝜎 is the Stefan-Bolzmann’s constant, 𝜖 is the emissivity. Total heat flux is 
combination of Eq. ( 58 ) and ( 59 ). (Martin 2011) 

 ℎ>≤> = (𝜎𝜖 𝑇* + 𝑇l𝑇&E> + 𝑇𝑇&E>l + 𝑇&E>* + ℎ)(𝑇 − 𝑇&E>) ( 60 ) 

In this model 𝜖 is 0.75 and h is 10 ª
#jºΩ

. Martin (2011) used same values. 

The heat transfer coefficient in the groove is calculated as follows: When the parts touch 
at the symmetry line the vertical gradient 𝝏𝑻

𝝏𝒙
= 0. If there is root opening (space between 

joined parts) and the boundary is vertical or if there is slope in the groove it is handled 
little differently. Radiation in vertical direction is zero due to symmetry i.e. there is no 
radiation between surfaces that are at same temperature. Therefore, horizontal heat flux 
is 

 ℎE = ℎ"≤?π cos 𝜃 ( 61 ) 

and vertical heat flux is 

 ℎ@ = ℎ>≤> sin 𝜃 ( 62 ) 
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where 𝜃 is half of the groove angle. 

 

 

Figure 19. Figure showing the horizontal and vertical components in the slope. 
Please note that in the finite difference method the boundary is not as shown in 
figure. (See chapter 9.7.3) 

9.2.3  Finite difference method 

Heat equation (Eq. ( 56 )) is solved using FTCS-method (Forward time centered space). 
The FTCS method is based on central difference in space and forward Euler method in 
time. The FTCS method is explicit method and it is conditionally stable. Explanation of 
this method can be seen in (Ozisik, 1994) 

Forward Euler method in time gives: 

 𝜕𝑇
𝜕𝑡 =

𝑇4?√) − 𝑇4?

∆𝑡  ( 63 ) 

and central difference in space gives (example in x-direction): 
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 𝜕
𝜕𝑥 𝑘

𝜕𝑇
𝜕𝑥 =

𝜕𝑘
𝜕𝑥
𝜕𝑇
𝜕𝑥 + 𝑘

𝜕l𝑇
𝜕𝑥l  ( 64 ) 

 

 
=
𝑘4\)? − 𝑘4√)?

2∆𝑥
𝑇4\)? − 𝑇4√)?

2∆𝑥 + 𝑘
𝑇4√)? − 2𝑇4? + 𝑇4\)?

∆𝑥l  ( 65 ) 

So, the Eq. ( 57 ) can be expressed in finite difference form as follows: 

 
𝜌𝑐
𝑇4,ƒ?√) − 𝑇4,ƒ?

∆𝑡 =
𝑘4\),ƒ? − 𝑘4√),ƒ?

2∆𝑥
𝑇4\),ƒ? − 𝑇4√),ƒ?

2∆𝑥

+ 𝑘
𝑇4√),ƒ? − 2𝑇4,ƒ? + 𝑇4\),ƒ?

∆𝑥l

+
𝑘4,ƒ\)? − 𝑘4,ƒ√)?

2∆𝑦
𝑇4,ƒ\)? − 𝑇4,ƒ√)?

2∆𝑦

+ 𝑘
𝑇4,ƒ√)? − 2𝑇4,ƒ? + 𝑇4,ƒ\)?

∆𝑦l + 𝑄 

( 66 ) 

Which can then be expressed in explicit form as follows: 

 
𝑇4,ƒ?√) = 𝑇4,ƒ? +

∆𝑡
𝜌𝑐 (

𝑘4\),ƒ? − 𝑘4√),ƒ?

2∆𝑥
𝑇4\),ƒ? − 𝑇4√),ƒ?

2∆𝑥

+ 𝑘
𝑇4√),ƒ? − 2𝑇4,ƒ? + 𝑇4\),ƒ?

∆𝑥l

+
𝑘4,ƒ\)? − 𝑘4,ƒ√)?

2∆𝑦
𝑇4,ƒ\)? − 𝑇4,ƒ√)?

2∆𝑦

+ 𝑘
𝑇4,ƒ√)? − 2𝑇4,ƒ? + 𝑇4,ƒ\)?

∆𝑦l ) +
𝑄∆𝑡
𝜌𝑐 	   

( 67 ) 

where 𝑻𝒊,𝒋𝒏√𝟏 is the temperature at node (i,j) at the next time step. Figure 20 shows the 
numbering of the nodes 
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Figure 20. Numbering of the nodes. 

The previous equation is valid only inside the domain. Edges and corners should be 
handled separately. If there is no node on one side of the certain node, the term in previous 
equation should be replaced as expressed below 

 𝑘
bd»i,…
� \bd,…

�√bdhi,…
�

∆Ej
=> À

∆E

bd»i,…
� \bd,…

�

∆E
+ ∆b

∆E
  ( 68 ) 

 𝑘4\),ƒ? − 𝑘4√),ƒ?

2∆𝑥
𝑇4\),ƒ? − 𝑇4√),ƒ?

2∆𝑥 =>
𝑘4,ƒ? − 𝑘4√),ƒ?

∆𝑥
∆𝑇
∆𝑥 

( 69 ) 

where ∆b
∆E

 is the temperature gradient over boundary  

 ∆𝑇
∆𝑥 =

ℎ>≤>
𝑘  ( 70 ) 

9.2.4  The stability of the FTCS method 

As stated before, FTCS method is only conditionally stable. The stability criterion is 
(Ozisik, 1994) 

 𝜅∆𝑡
∆𝑥l +

𝜅∆𝑡
∆𝑦l ≤

1
2 , 𝜅 =

𝑘
𝜌𝑐	   

( 71 ) 

Where ∆t is the length of the time step, ∆𝑥 is the distance between two nodes x-direction 
and ∆𝑦 is the distance between two nodes in y-direction. 
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Figure 21. Values of 𝜿 as a function of the temperature. 

 In this model ∆𝑥 is equal to ∆𝑦, this leads to  

 𝜅∆𝑡
∆𝑥l ≤

1
4 ( 72 ) 

Because the 𝜅 is in the numerator of the Eq. ( 72 ), to make sure the FTCS method is 
always stabile we need to use maximum value of kappa (see Figure 21): 

 max 𝜅 ~20 ∗ 10\–
1
𝑚l𝑠 ( 73 ) 

This leads to approximate equation which gives time step that keeps the method always 
stable. 

 ∆𝑡 ≤ 5 ∗ 10–∆𝑥l  ( 74 ) 

Eq. ( 74 ) shows clearly why accurate (fine grid) explicit method requires very short time 
step. 
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9.3  Thermophysical properties 

As stated earlier, material properties vary as a function of temperature and the temperature 
range during welding is so wide that they cannot be taken as constants, as seen in Figures 
22, 23 and 24. In this chapter, the calculation of these properties is described.  

9.3.1  Density 

Density of a phase mixture containing liquid iron, ferrite, austenite and cementite can be 
defined as: 

 𝜌 = 1/
𝑋4
𝜌4

 ( 75 ) 

Where 𝑋4 is the phase fraction of phase i and 𝜌4 is the density of phase i that can be 
approximated as: 

 𝜌4 = 𝜌≠& + 𝑘4 𝐶4 ( 76 ) 

Equations for 𝜌≠&, 𝑘4 and 𝐶4 can be seen in (Miettinen, 1997).  
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Figure 22. Denisities of different phases vs temperature for one low alloyed steel.  

Even though the density of cementite can be calculated, it is currently left out of the model 
because the phase transformation model does not predict the volume fraction of 
cementite. Therefore, cementite is part of the ferrite when calculating density. As seen in 
Figure 22, the density of cementite differs a little from that of ferrite. However, the 
volume fraction of cementite is relatively low and therefore the error is not significant. 

9.3.2  Thermal conductivity 

Thermal conductivity of the liquid low alloyed steel is 35 ª
#º
	  (Miettinen 1997). However, 

(Watt et al., 1988) used relatively high value (120 ª
#º

) to simulate the convective stirring 
in weld pool. However, the value proposed by Watt et al. gives too wide fusion zone while 
the value proposed by Miettinen gives relatively good estimation of the shape of the 
fusion zone. Therefore, value of 35 ª

#º
	   is used in the model. 

Thermal conductivity of the austenite is (Browne, 1995) 

 𝑘' = 20.45 − 4.125 ∗ 𝐶% + 0.0089(𝑇 − 273.15) ( 77 ) 

where 𝐶% is the weight fraction of the carbon and T is the absolute temperature. 
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Miettinen (1997) gives more comprehensive equation which takes more alloying 
elements into account. 

 𝑘' = 20.76 + 0.009𝑇 − 3.2627𝐶
+ 0.0124 − 2.204 ∗ 10\“𝑇 + 1.078 ∗ 10\û𝑇l
+ 7.822 ∗ 10\“𝐶𝑟 − 1.741 ∗ 10\û ∗ 𝑇𝐶𝑟 𝐶𝑟
+ 0.5860 + 8.354 ∗ 10\“𝑇 − 1.368 ∗ 10\û𝑇l
+ 1.067 ∗ 10\l𝑁𝑖 − 1.504 ∗ 10\Ø ∗ 𝑇𝐶𝑟 𝑁𝑖
− 0.7598𝑆𝑖 − 0.1432𝑀𝑛 − 0.2222𝑀𝑜 

( 78 ) 

It is worth noting that in reference the Eq. ( 78 ) is used to calculate the thermal 
conductivity for solid at the high temperature, that means virtually austenite.  

Thermal conductivity of ferritic iron is 35 ª
#º

 

 𝑘/ =
𝐴 − 𝐵𝑇,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑇 ≤ 𝑇aD04&	  	  	  
𝐴 − 𝐵𝑇aD04& + 0.00248 ∗ 𝑇 − 𝑇aD04& 	  	  	  	  	  	  	  	  	  	  	  	  	  	  𝑇 > 𝑇"D04&	  

 ( 79 ) 

where T is the temperature in Celcius and 𝑇"D04& is the Curie temperature in Celcius (770 
°C in the model). 

As (Martin, 2011) notes, there are typos in the original references. The equations have 
been corrected so that they give reasonable results. In reference, Miettinen has term 
−0.009𝑇 in Eq. ( 78 ) and Browne has 𝐴 + 𝐵𝑇 in Eq. ( 79 ).  

As stated above, Miettinen (1997) does not give equation for the thermal conductivity of 
the ferrite but equations for the thermal conductivity of solid at temperatures 25, 200 and 
400 °C (virtually for ferrite and cementite).  

 𝐴 = 50 +
23

cosh	  (7.5𝐶1.û) −
70

cosh	  (5 1.8 − 𝐶 1.û) ( 80 ) 

 

 𝐵 = −0.0347 + 0.00126𝐴 ( 81 ) 
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Figure 23. Thermal Conductivities of Different Phases. 

There seems to be significant difference between the values of Browne and Miettinen for 
ferrite at low temperatures. In this model, the thermal conductivity of the mixed 
microstructure is calculated using equations proposed by Miettinen. 

9.3.3  Specific heat capacity 

Specific heat capacity of liquid iron is 825 ‘
À’º

 at temperatures from 1800 to 4000 K. 
(Beutl, Pottlacher and Jager, 1994) In this model, it is assumed that specific heat capacity 
of the liquid is always 825 ‘

À’º
, even if melting temperature is below 1800 K. 

Specific heat capacity of pure ferrite and austenite is (Martin, 2011) 

 𝑐 = 𝐶$ + 𝐶ô − 𝐶π + 𝐶& + 𝐶# ( 82 ) 

where 𝐶$ is lattice specific heat, 𝐶ô − 𝐶π  is the lattice expansion term, 𝐶& is the 
electronic specific heat and 𝐶# is the magnetic specific heat (only for ferrite). (Martin, 
2011) 
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𝑐$ ≈

3𝑅
55.847 ∗ 10\* (1 − 0.0488

𝑇$
𝑇

).◊û

+ 5 ∗ 10\“) ( 83 ) 

 

 𝐶ô − 𝐶π = 𝐴𝑐$l𝑇 ( 84 ) 

 

 𝑐& = 𝛾𝑇 ( 85 ) 

 

 

𝑐# =
913.21 ∗

𝑇
𝑇aD04&

).l*Ø

exp	  (−3.5 1 −
𝑇

𝑇aD04&

1.“Ø

)	  	  𝑇 ≤ 𝑇aD04&	  	  	  

913.21 ∗
𝑇

𝑇aD04&

).l*Ø

exp	  (−5.15
𝑇

𝑇aD04&
− 1

1.“)

)𝑇 > 𝑇"D04&	  
 ( 86 ) 

where 𝑇"D04& is the curie temperature of iron and 𝑇 is the absolute temperature. Values for 
Eqs. ( 83 ), ( 84 ) and ( 85 ) are in Table 2. In these equations, temperatures are in Kelvin. 

Table 2. Values for Eqs. ( 83 ), ( 84 ) and ( 85 ). Martin (2011) 

 𝑇$ 𝐴 𝛾 

Ferrite 425 K 3.4044 ∗ 10\û  8.9889 ∗ 10\l 

Austenite 400 K 3.9874 ∗ 10\û  5.9985 ∗ 10\l 

 

Specific heat capacity of the mixed microstructure is calculated using following equation 

 𝑐 = 𝑐4𝑋4 ( 87 ) 

where 𝑋4 is the phase fraction of the phase i and 𝑐4 is the specific heat capacity of that 
phase. 
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Figure 24. Specific heat capacities of different phases.  

9.3.4  Latent heats of transformations 

Phase transformations in steels are exothermic or endothermic reactions. The energy 
absorbed or released is called latent heat or transformation enthalpy. Usually, latent heats 
are significantly bigger than specific heat capacities and therefore latent heats must be 
taken into account when modeling heat transfer since they act as effective heat sources or 
sinks. (Martin, 2011) 

The transformation enthalpy of decomposition of austenite can be combined from iron 
lattice transformation enthalpy, magnetic specific heat enthalpy and cementite formation 
enthalpy. Lattice transformation enthalpy is constant for austenite-to-ferrite 
transformation. Magnetic specific heat enthalpy depends on temperature and cementite 
formation enthalpy depends on carbon-iron ratio in transforming austenite. (Martin, 2011) 
In this model, these are not yet implemented. Instead, constant values are used. The latent 
heat of fusion is obtained from Thermocalc® (27.2 ∗ 10◊ ‘

#Ÿ	  ). The latent heat for 

decomposition of austenite and austenitization is approximated constant (6 ∗ 10◊ ‘
#Ÿ	  ) 

after Martin (2011). The latent heat for one time step is  

 𝑄 = ∆𝑋4 ∗ 𝑄4 ( 88 ) 
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where ∆𝑋4 is the change in phase fraction and 𝑄4 is the volumetric latent heat specific for 
this transformation. The 𝑄4 can then be added to the source term of Eq. ( 67 ) 

9.4  Heat input model 

In reality welding is very complex physical process. (Lindgren, 2007) It would require 
lot of computational power and knowledge to take all the phenomena into account. 
Therefore, it is reasonable to use simplified models for the heat input, especially for the 
HAZ model where the fusion zone is not part of the interest. 

Heat source model is based on a double ellipsoidal Gaussian heat source. The double 
ellipsoidal heat source is originally developed for GTAW process and bead-on-plate 
weld. (Goldak, Chakravarti and Bibby, 1984) 

 

Figure 25. a) Rear b) side c) top and d) 3D-view of the heat source. Arrow indicates 
the direction of the movement. Intensity is 0.05 at the red boundaries. Green line 
represents the intensity at center top of the heat source (y=0, z=0). 
The volumetric energy input to certain node in front of the heat source is  
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𝑞(𝑥, 𝑦, 𝑧) =

6 3𝑓/𝑄'0"
𝐴𝐵𝐶/𝜋 𝜋

exp	  (−
3𝑥l

𝐴l )exp	  (−
3𝑦l

𝐵l )exp	  (−
3𝑧l

𝐶/l
) ( 89 ) 

and behind the heat source it is 

 
𝑞(𝑥, 𝑦, 𝑧) =

6 3𝑓0𝑄'0"
𝐴𝐵𝐶0𝜋 𝜋

exp	  (−
3𝑥l

𝐴l )exp	  (−
3𝑦l

𝐵l )exp	  (−
3𝑧l

𝐶0l
) ( 90 ) 

for parameters	  𝐴, 𝐵, 𝐶/ and 𝐶0, see chapter 9.4.1 

 𝑧 = 𝑆𝑡 ( 91 ) 

where S is the travel speed of the nozzle and t is the time. 

Factors 𝑓/ ja 𝑓0 are calculated using following equation. (Jia et al., 2014) 

 𝑓/ = 2
𝑐/

𝑐/ + 𝑐0
, 𝑓0 = 2

𝑐0
𝑐/ + 𝑐0

	  	   ( 92 ) 

Generally, the total power input of welding is described as follows:  

 𝑄'0" = 𝑈𝐼𝜇	   ( 93 ) 

where 𝑄'0" is the power, U is the arc voltage, I is the welding current and µ is the 
efficiency. Efficiency depends on welding equipment as seen in Table 3. 
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Table 3. Welding heat input efficiency in different welding methods. 

Welding equipment Efficiency Reference 

SAW 0.91-0.99 Grong (1997) 

GMAW, Argon 

GMAW, CO2 

0.66-0.7 

0.75-0.93 

Grong (1997) 

Grong (1997) 

GTAW 0.25-0.75 

0.6-0.8 

Grong (1997) 

Kou (2003) 

SMAW 0.66-0.85 Grong (1997) 

Plasma-arc welding 0.5-0.7 Kou (2003) 

9.4.1  Heat source parameters 

Usually parameters 𝑎, 𝑏, 𝑐/ and 𝑐0 are measured from the real weld pool (Goldak, 
Chakravarti and Bibby, 1984). However, this is not very practical if the modeling is done 
to avoid real experiments. In this model, there is option to determine parameters as 
described below, instead of measuring and giving them manually. This method is not 
based on literature but created in this work.  

The volume of the filler that melts during one time step is  

 
𝑉/455&0 =

𝜋𝐷/455&0l

4 𝐹∆𝑡 ( 94 ) 

where 𝐷/455&0 is the diameter of the filler wire and F is the wire feed rate. The same volume 
will go to the bead  

 𝐴%&'(𝑆∆𝑡 = 𝑉/455&0 ( 95 ) 

where S is the travel speed of the nozzle and 𝐴%&'( is the cross-sectional area of the bead. 
This leads to 

 
𝐴%&'( =

𝐷/455&0𝜋l

4 ∗
𝐹
𝑆 ( 96 ) 
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Then based on the dimensions of groove it is calculated that how high the bead will be 
and this height will be the parameter B. Then the width of the groove at that height is 
calculated and half of that will be parameter A, see Figure 26. Finally, 𝐶/ is equal to A 
and 𝐶0 is two times A (Bag et al., 2012). 

 

Figure 26. Schematic of how parameters A and B are calculated. Area between plates 
represent the molten filler material and the curve represents the boundary of heat 
source. 

9.4.2  Conservation of Energy 

To make sure the total energy input is independent of grid spacing, it is important to 
evaluate the conservation of energy. Coarse grid leads to higher net energy input because 
highest volumetric heat input will go into bigger volume. To diminish the effect of grid 
spacing. The numerical integral is calculated to make sure the total heat input is equal to 
that calculated by Eq. ( 93 ) 

The integral of the Eq. ( 93 ) is  

𝑄'?'5@>4" =
6 3𝑓 ∗ 𝑄
𝐴𝐵𝐶𝜋 𝜋

exp	  (−
3𝑥l

𝐴l )exp	  (−
3𝑦l

𝐵l )exp	  (−
3𝑧l

𝐶l )
µ

\µ

µ

1

µ

1

𝑑𝑥 𝑑𝑦 𝑑𝑧 

( 97 ) 

The integral of one exponential term is (‘Wolfram Alpha - Phone Application’, 2017): 
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exp	  (−
3𝑥l

𝐴l )
µ

𝟎

𝑑𝑥 =

𝜋
3

2 1
𝐴l

, (
1
𝐴l > 0) ( 98 ) 

Parameter a is always positive so the result of Eq. ( 97 ) is  

 
6 3𝑓𝑄
𝐴𝐵𝐶𝜋 𝜋

𝜋
3

2 1
𝐴l

𝜋
3

2 1
𝐵l

𝜋
3

2 1
𝐶l

=
𝑓𝑄
2  ( 99 ) 

Heat input into model is calculated in 3D-mesh: 

 
𝑄#&AB = 𝑓𝑄

6 3
𝐴𝐵𝐶𝜋 𝜋

‡·

"‚\‡·

‡E

@‚1

‡E

E‚1

∗ ∆𝑥 ∗ ∆𝑦 ∗ ∆𝑧 ( 100 ) 

where ∆𝑥	  and ∆𝑦 are the distances between two nodes in respective directions and 

 ∆𝑧 = S∆t	 ( 101 ) 

where ∆t is the time step and S is the travel speed of the nozzle. 

Finally, the 𝑄#&AB and 𝑄'?'5@>4" are used to define the correction coefficient for heat input 

 
𝑘'0" =

𝑄'?'5@>4"
𝑄#&AB

 ( 102 ) 

This coefficient is the added to Eqs. ( 89 ) and ( 90 ) as follows 

 𝑞 𝑥, 𝑦, 𝑧 #≤(&5 = 𝑘'0" ∗ 𝑞(𝑥, 𝑦, 𝑧) ( 103 ) 

9.5  Microstructure model 

In this chapter, it is described how the phase transformation models works as a whole. 
Modeling of the individual phenomena is addressed more specifically in the previous 
chapters. Phase transformations and grain growth are modeled simultaneously with heat 
transfer model. Phase transformation model is divided into four sections as follows: 
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Figure 27. Schematic representation of the microstructure model.  

T  >  TL:  
As told in chapter 4.2.1, melting occurs above liquidus temperature and it takes 0.5 
seconds. Liquidus temperature is obtained by Thermocalc®. 

TL  <  T  <  A3:  
If the volume fraction of liquid is above zero, the solidification occurs. The solidification 
takes also 0.5 seconds. More of solidification is told in chapter 4.2.2. 

If the volume fraction of ferrite, pearlite, bainite or martensite is above zero, the phase 
transforms into austenite. It is assumed that all the phases transform into austenite based 
on following equation: 
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 ∆𝑋4 =
𝑋4

𝑋/ + 𝑋ô + 𝑋% + 𝑋#
∆𝑋' ( 104 ) 

 

If volume fraction of the austenite is one, the grain growth occurs. It is assumed that the 
austenite has grain size of 5 micrometers when the austenitization is complete. The grain 
growth is calculated using Eq. ( 39 ). The model does not take thermal pinning (grain 
growth under thermal gradients) into account.  

Currently model calculates pinning force of NbC and TiN.  The volume fractions of 
precipitates are calculated as follows: the molar fractions of elements are calculated. Then 
it is assumed that if the molar fraction of the metal is smaller than molar fraction of non-
metal, all the metal forms precipitates. The model also assumes that all the precipitates 
dissolve at 𝑇, (Eq. ( 40 )) during heating and precipitate again the same temperature and 
the volume fractions of precipitates will immediately be the same as they were initially. 
It is also assumed that precipitate diameter is 20 nm at all temperatures.  

A3  <  T  <  A1:  
If the volume fraction of pearlite, bainite or martensite is above zero, the phase transforms 
into austenite. It is assumed that ferrite does not transform into austenite under A3 
temperature. It is also assumed that all the phases transform into austenite based on 
following equation: 

 ∆𝑋4 =
𝑋4

𝑋ô + 𝑋% + 𝑋#
∆𝑋ú ( 105 ) 

T  <  A1:  
Below A1-temperature, there may occur three different phase transformations 
simultaneously. Formation of pearlite is neglected because it was not found in the 
experiments, and therefore parameters for transformation could not be obtained. 

The formations of ferrite and bainite are modeled using Eq. ( 4 ) for incubation and after 
the phase fraction reaches 0.01 the rest of the transformation is modeled using Eq. ( 10 ) 
for ferrite and Eq. ( 11 ) for bainite. For the rate constant, Eq. ( 29 ) is used. The formation 
of martensite is modeled using Eq. ( 30 ). 

9.6  Hardness model 

Hardness model is presented in chapter 6.3 
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9.7  Model related studies 

To ease the usage of the model, the effect of time step length and grid spacing was 
evaluated. It was also evaluated that how width of the modeled piece affects the cooling 
time i.e. when the piece is so wide it is virtually infinite. 

9.7.1  Effect of time step 

Due to conditional stability of explicit method, the time step cannot be chosen arbitrarily. 
However, it was tested whether the heat input, phase transformations and grain growth 
could be simulated using longer time step than in the heat transfer model. 

 

Figure 28. Volume fraction of austenite during cooling. Cooling rate is 5 K/s. 

In Figure 28 it can be seen that for cooling rate of 5 K/s the result does not change 
significantly when time step is shorter than 0.1 s. If the time step is shorter than 0.01s the 
error is so small that it does not have any importance. 
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Figure 29. Volume fraction of austenite during cooling. Cooling rate is 100 K/s. 
Figure 29 shows similar results for cooling rate of 100 K/s. The error is significant for 1.0 
and 0.1 s time steps but for time steps shorter than 0.01s the results converge. Result for 
time step of 0.01 s differs from that of 0.0001s about one percentage point. That is far 
less than experimental accuracy. 

As a result of these two experiments it is deduced that to get reliable results time step of 
10 ms is sufficient. On the other hand, usage of time step shorter than 0.001s does not 
give additional accuracy.  

9.7.2  Effect of width 

The effect of specimen width was also tested. It is obvious that wider piece is more 
effective heat sink.  
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Figure 30. Temperature at the symmetry line and at 2.5 mm from top surface. a) 
from 5 mm and b) from 10 mm plate. 
 

 

Figure 31. Peak temperature from Figure 30 a) 5 mm and b) 10 mm. 

 

 

Figure 32. Temperature at 10 mm from symmetry line and at 2.5 mm from top 
surface. a) from 5 mm and b) from 10 mm plate. 

a) b) 

a) b) 

a) b) 
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As a result of these experiments, the width of the specimen does not have any effect on 
the heating phase and when the width is close to 150 mm it does not have any effect on 
the cooling phase. Also, the HAZ cools equally to 500 °C regardless of the width. 

It is worth noting that the total heat input has also effect because the higher the energy 
input the bigger piece is needed to sink the heat. However, the heat input used in 
experiments were quite high for 5 mm test piece. Secondly, if welding is done in two or 
more passes the sink is more effective. It is advised to use width greater than 100 mm. In 
contrary, usage of the width much greater than 150 mm will not give any extra accuracy.  

9.7.3  Effect of grid spacing 

Grid spacing has two kinds of effects. Firstly, it has a role in the discretization of the 
groove because FDM allows only rectangular grids. Secondly, it determines how well the 
approximation of differential equation works. 

 

Figure 33. Figure showing the effect of grid spacing a) 0.1 mm grid b) 0.25 mm grid. 
It is evident that finer grid represents the slope better.  
Figure 33 shows that finer grid gives better approximation of the groove. It also gives 
more data points and therefore increases the accuracy. Figure 34 shows that grid spacing 
has huge effect on temperature curves. This indicates that for coarser grids the 
discretization is poor. The reason is that due to the high gradients the properties do not 
change linearly between nodal points as assumed. The temperatures seem to converge 
when grid spacing is less than 0.1 mm. 

a) b) 
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Figure 34. a) and b) The effect of grid spacing on temperature at two arbitrary 
positions. 

a) b) 
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10  VERIFICATION OF THE MODEL 

In order to verify the model, welding experiments were carried out. The testing equipment 
was Kemppi ProMig 500 and Motoman Yasnac RX robot. The temperatures were 
measured using a Dataq® DI-2008 voltage and thermocouple data acquisition system.  

 
Figure. 35 a) Photo of the Motoman Yasnac RX robot b) The setup used in the 
experiments. 

120x150x10mm specimens were cut with a water jet cutter, from the same steel that was 
used in microstructure experiments (see chapter 5). Joint preparation was a 50-degree 
groove without root thickness and root opening (see Figure 36). Pieces were welded with 
two passes. The shielding gas was Mison® 25 and the filler material was 1.2 mm ESAB 
OK AristoRod™ 69. 

Table 4. Experimental welding parameters. 

Pass no: Voltage 
[V] 

Current 
[A] 

Gas flow 
[l/min] 

Torch 
angle 
[deg] 

Travel 
speed 
[cm/min] 

Wire feed 
rate 
[m/min] 

1 21.6 216 20 80 40 5.8 

2 21.8 229 20 80 25 5.8 
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Figure 36. a) Joint preparation b) Specimen dimensions and welding setup used in 
experiments. Dashed line represents the line where thermocouples were welded. 
In the model, the heat input efficiency that fits the experimental temperatures depends on 
grid spacing (see Figure 34). For instance, the efficiency of both passes was 0.85 for 0.25 
mm grid. Parameters A and B were calculated as described in chapter 9.4.1. Parameters 
𝐶/ and 𝐶0 were measured from test pieces. 𝐶/ was 7 mm for first pass and 8 mm for 
second pass. 𝐶0 was 8 mm for first pass and 9 mm for second pass. The 𝑐//𝑐0 ratio differs 
quite significantly from the one suggested by Bag et al. (2012).  

Temperatures were measured from three different test pieces. Thermocouples were 
welded on to the top surface in the middle of the piece in welding direction (see Figure 
36). The distance from symmetry line was chosen arbitrarily and varied between test 
pieces. 

After welding, three test pieces were cut into 10x10x40 mm specimens and polished. 
Hardness profiles (HV10) were measured from the polished specimens. The spacing 
between measuring points was 0.5 mm. Finally, the specimens were etched in 2% Nital. 
Then the shape and size of the fusion zone and the grain size were measured. 
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11  RESULTS 

In this chapter, the modeled results are compared to data obtained in experiments 
described in the previous chapter.  

11.1  Temperature 

 

Figure 37. Peak temperature at the top surface during first and second pass. 
Figure 37 shows good agreement between experimental and modeled peak temperatures 
at top surface. Figure 38 shows similar agreement between four different temperature 
paths. Even though the peak temperatures are predicted quite reliably, there is slight 
difference in cooling paths. One reason for that may be that the experimental setup differs 
slightly from the modelled one. Model assumes air cooling from all the surfaces. In 
experiments, heat may conduct to the clamps or to the jig. Secondly, the bead length was 
about 10 mm shorter than the length of the test piece.  Therefore, there is extra mass that 
sinks the heat in comparison to two-dimensional model which assumes that the length of 
the bead is equal to the length of the piece. Figure 39 shows that the experimental cooling 
path is closer to the modeled near the fusion line. The only difference seems to be latent 
heat that is too low in the model. This indicates that the extra mass may be the reason for 
too fast cooling far from heat source because the extra mass does not have similar 
influence near heat source (see Figure 30 and Figure 32).  
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Figure 38. Temperature curves at different positions on the top surface. A) 16 mm 
B) 25 mm C) 33 mm and D) 68 mm from the symmetry line. 

 

Figure 39. Temperature at the near fusion boundary during second pass. Note that 
the experimental peak does not rise as high as model because the temperature goes 
out of range of the thermocouple. 

a) b) 

c) d) 
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11.2  Microstructure 

The phase transformation model gives fully bainitic heat-affected zone. Bainitic 
microstructure is also observed in the microscope. This result is expected because the 
phase transformation model has been parameterized for the welded steel. 

Grain size model gives reasonable results closer to the base material but accuracy is very 
poor near the fusion line (see Figure 40). The main reason is the fact that the coarsening 
of the particles was neglected and the pinning force is too high. The assumption to 
estimate the volume fraction of precipitates as well as the assumption of the particle size 
may be wrong, also. In addition, there might still be some error even if the precipitations 
were modeled correctly because as the grain grows, it’s boundary moves to lower 
temperature which causes the decrease in the boundary mobility i.e. model assumes that 
grain grows at the higher temperature than it actually does.  

 

Figure 40. Modeled grain size versus measured near the centerline. 
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11.3  Hardness 

The hardness model was validated against specimens from thermomechanical 
simulations. The thermomechanical simulations were modeled using microstructure 
model and the result of that simulation was used in the hardness model. This gives 
reasonable accuracy in comparison to measured hardnesses.  

 

Figure 41. Modeled and experimental hardness of Gleeble specimen for different 
cooling rates. 
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Figure 42. Measured and modeled hardness profiles. a) top b) center c) bottom. 
Exact profile lines can be seen in Figure 43 a) and b). 
The hardness model does not predict the actual hardness profiles as well as was the case 
with thermomechanical simulations. However, the accuracy of the model is still good in 
relation to simplicity of the model. There is also some error because the metallurgical 
phenomena in the ICHAZ are not modelled. The division of the softening factor to 
dispersion hardening and dislocation hardening would also give additional accuracy. 
There is also deviation in measured hardness profiles and they are not symmetrical. 

a) 

b) 

c) 



 

 

78 

11.4  Size of the fusion zone and heat affected zone 

 

Figure 43 a)-d). Comparison of the actual and modeled cross-sections. All cross-
sections are obtained using same welding parameters and setup. 

The shape of the fusion zone seems to differ between different welds even though the 
welding parameters and setup remains the same (Figure 43). The reason is that there is 
little inconsistency in the jig. Therefore, the filler rod does not always go via same path 
relative to the test piece. This leads to asymmetric fusion zone. However, the modeled 
fusion zone seems to be very similar in size and shape. In addition, the shape of heat-
affected zone (lighter area near the fusion zone) is also very similar to modeled. 

a) b) 

c) d) 
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12  CONCLUSIONS AND FURTHER STUDIES 

The temperature model seems to work well. The main reason the modeled temperatures 
differ from experimental temperatures may be the fact that in the model the specimen is 
assumed to be fully in air. However, in experiments the conduction to jig may act as a 
heat sink resulting lower temperatures far from heat source. Secondly, the bead was 
shorter than the plate width. Therefore, there was a little more mass to sink the heat than 
in the two-dimensional model. The reliability of temperature model is very satisfying 
because it can be used to obtain input data for thermomechanical simulator to model 
certain spots in the heat affected zone.  

The chosen heat source model works relatively well also for groove configurations and 
the method to calculate the parameters (chapter 9.4.1) seems to give good estimation of 
the shape of the fusion zone and heat-affected zone. Better way to estimate the parameters 
𝐶/ and 𝐶0 would be the next step to improve the heat input model. 

Microstructure model predicts the phase transformations well. However, the phase 
transformation model should be developed to simulate the phase transformation to 
arbitrary low alloyed composition. The grain growth model works relatively well far from 
fusion line but quite poorly near the fusion line. Reason for that is the fact that the model 
neglects the particle coarsening. The other reason for inaccuracy may be the thermal 
pinning that is not taken into account. The development of grain growth model is also 
essential to increase the accuracy of the whole model. 

Hardness model can predict the hardness of specimen after thermomechanical simulation. 
It works also relatively well against real hardness profiles. However, it is not guaranteed 
that this type of model would work for steel with different composition or initial 
microstructure i.e. the prediction of the hardness of different steel would require 
modelling of the metallurgical phenomena that are not currently modeled. Further 
development of the microstructure model will also increase the accuracy of the hardness 
model. 

As a result of this work, following actions are proposed in order to further develop the 
model: 

•   Usage of heat transfer model that allows finer grid with longer time steps. There 
are few options including 

o   Implicit finite difference- or finite element method 
§   Implicit finite difference method would be more easily and faster 

implemented 
§   Advantages of the finite element method would be possibility of 

non-uniform mesh (finer mesh in interesting zone) and ability to 
discretize more complex geometries. However, it may be 
computationally less powerful. 

o   Using boundary element method or other similar method in the areas 
where metallurgical phenomena do not occur. 
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•   Development of standardized procedure to determine phase transformation 
parameters based on data obtained by thermomechanical simulations 

o   This would lead to database that could be used to find the correlation 
between phase transformation kinetics and composition 

•   The ways to enhance the reliability of thermomechanical simulation results should 
be studied. For instance 

o   Using vacuum, at least, for slower cooling and heating rates to prevent the 
scale to deteriorate the measurements 

o   Study the effect of dilatometer position (see Figure 44) 
•   Effect of grain size on decomposition of austenite is currently based on literature 

o   Verification of the equation would be useful  
•   Modeling of coarsening, precipitation and dissolution of the precipitates 

o   Would enhance grain growth model 
o   Is essential if mechanical properties are modeled based on microstructure 
o   This includes modeling of tempering 

•   Study the hardness of different bainite morphologies and how to model formation 
of different morphologies 

o   Figure 41 may indicate that morphology or transformation temperature of 
bainite has effect on hardness. 

•   Modeling of the grain growth and evolution of grain, packet and lath sizes during 
phase transformations 

o   Better model for the microstructure would increase accuracy of models for 
mechanical properties 

 

Figure 44. Schematic figure showing how dilatometer can be positioned differently 
in relation to specimen. Obviously, there are other possibilities between these two. 
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