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Abstract 

Computational weld mechanics (CWM) is used to estimate the likelihood of hot crack 

nucleation in a welded joint. CWM predicts that a hot crack will nucleate when the 

evolution of the local state of stress and strain in the temperature region susceptible 

to hot cracking reaches a critical value. The local evolution of the stress, strain 

and temperature state determined by CWM is compared to experimentally measured 

value for material resistance for each type of hot cracking. This thesis evaluates 

the susceptibility to ductility dip cracking and solidification cracking, separately, for 

a single bead-on-plate welds of nickel-based alloys (FM82 and Inconel 600). This 

capability has the potential to estimate the risk of hot cracking in welded structures 

and of weld procedures at the design stage. Estimating the risk of hot cracking can 

aid in minimizing this risk and associated expenses. 
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Chapter 1 

Introduction 

Predicting the risk of hot cracking during welding is of the utmost importance in 

minimizing the risk of occurrence in the design stage. Eliminating the risk of hot 

cracking may be an impossible task, but understanding the causes of hot cracking 

should clarify the options available to reduce the risk of hot cracking. This study of 

hot cracking is enabled by a computational weld mechanics (CWM) simulation, using 

VrWeld software [6]. 

1.1 Problem Statement 

Determining susceptibility to hot cracking has been largely based on comparative 

assessments of materials. Most research on hot cracking focuses on ranking material 

resistance to hot cracking. This allows designers to choose materials that are more 

resistant to hot cracking. However, most of the widely used weldability tests for hot 

cracking have not been able to estimate the risk of hot cracking in a given real weld. 

Unfortunately, there are a limited number of weldability tests that provide accurate 

and quantifiable results for material resistance to hot cracking at the length scale of 

microstructure and these weldability tests are often complex and costly [8,9]. Tests 

that evaluate resistance to hot cracking use transient measurements of the localized 

1 
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strain increment and temperature. Measuring strain at temperatures near melting, 

which is the case for liquation and solidification cracking, is complicated and often 

requires expensive equipment and special expertise [8]. The objective of this thesis is 

to provide the capability to utilize results of experimental tests to predict hot cracking 

in real welded structures. 

1.2 Research Objectives 

The main objective of this thesis is to provides designers with a technique to design 

more reliable and more economic structures. More specifically, by better balancing of 

the risk of hot cracking with the risk of other failure mechanisms. Enabling designers 

to choose both the material and the welding procedures will expand their design 

space. The designer will be allowed to choose materials that are less resistant to hot 

cracking but have better corrosion or mechanical properties. 

This research is based a mechanical approach, rather than a metallurgical one, for 

the analysis of the risk of hot cracking. Cracking is believed to be a local property, not 

a global property, i.e., a crack nucleates and grows depending only on the evolution 

of the local state in the neighbourhood of the crack. This local state is of course 

a function of some global problem. CWM simulation will be used to determine the 

temperature-stress-strain evolution during welding. 

1.3 Main Contributions 

This thesis attempts to develop a method to estimate the risk of hot cracking nu-

cleation in the design stage using CWM. It should be noted that data for material 

resistance to hot cracking would normally be determined by experimental tests and 

are obtained from the literature [1,3]. The data for material resistance to hot cracking 
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includes hot cracking susceptibility temperature range (i.e., BTR and DTR), critical 

strain increment and critical strain rate. This . 

Furthermore, this thesis demonstrates the potential of CWM simulations as an 

effective tool for the prediction and consequent minimization of the risk of hot cracking 

in welded structures. Macroscopic thermal and mechanical analyses are conducted to 

predict the areas susceptible to hot crack nucleation. CWM simulation tests for two 

types of hot cracking, ductility dip and solidification cracking, are conducted. The 

analyses conducted assume that the material is homogeneous. This study does not 

go beyond the nucleation of hot cracking, i.e., crack propagation is not part of this 

research. 

1.4 Background 

Before examining the mechanisms of hot cracking, it is useful to show the significance 

of the issue of hot cracking and, more importantly, define hot cracking. In brief, 

hot cracking in welds is a material discontinuity that nucleates when material de

formation cannot compensate for localized tensile strain at high temperatures. This 

phenomenon is partly explained by drops in material resistance to cracking that some 

metallic alloys experience in certain temperature ranges. The combination of high 

temperature and tensile strain is commonly observed during manufacturing activities, 

such as fusion welding. 

Weld cracking is a significant problem because cracking can affect the integrity 

or even cause failure of a welded structure. The failure of a welded structure can 

put lives at risk. Locating and repairing welds can be be costly and can sometimes 

lead to the nucleation of more hot cracks. Moreover, the shape of a crack affects the 

stress concentration in the vicinity of the crack. Fusion welding remains a popular 

fabrication process as it can be cost effective and reliable. However, producing a 
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defect free weld joint is not an easy task because of the multiple phenomena involved. 

These phenomena are residual stress, distortion, metallurgy and the risk of defect 

occurrence [10]. 

This research focuses on hot cracking, one of the numerous types of weld de

fects. The topic of this thesis was driven by the increasing demand from the nuclear, 

aerospace and other sectors for materials that maintain strength/stiffness at high 

temperatures and are corrosion resistant [1]. Examples of materials that satisfy these 

performance needs are nickel (Ni) based super alloys and stainless steels. However, 

these alloys can also be susceptible to hot cracking [11]. 

Minimizing the risk of hot cracking is only possible, if the factors that lead to 

its occurrence are understood. There are numerous methods used to determine sus

ceptibility of and attempts to avoid hot cracking during welding, but most lack a 

detailed understanding of the physics or mechanism behind cracking. Most research 

has focused on reducing the risk of cracking based on a metallurgical approach. Lim

ited research has been done using a mechanical approach, such as that conducted by 

Chihoski [12], Nishimoto et al. [13] and to a lesser extent the work of Chen and Lu [1]. 

Attempts to evaluate hot cracking susceptibility are often based on weldability 

tests. However, relating the results of a given weldability test, conducted in a lab

oratory environment, to the evolution of the temperature-stress-strain state, global 

mechanics of the welded structure and weld procedure parameters (i.e., weld power, 

speed, etc.) is difficult. A good example is the case of the Varestraint test for com

mercial aluminum-magnesium (Al-Mg) alloys, where susceptibility to hot cracking is 

deemed higher than that experienced during actual welding applications. The dis

crepancy is a result of the lack of accurate localized measurements for the strain 

increment [14]. This thesis assumes that CWM simulation can be developed such 

that the results of weldability tests can be readily applied to real world welds. 

The competition between material resistance and the driving force determines 
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whether or not a hot crack nucleates. The tensile strain increment, within a sus

ceptible temperature range, is considered to be the driving force behind hot crack 

nucleation. The capability of a material to compensate for tensile strain increment 

necessary for hot crack nucleation has been referred to as deformability or ductility, 

but the term 'material resistance' is used in this research. A tensile strain increment, 

within the susceptible temperature range, is localized at the area of reduced material 

resistance. These areas have a limited ability to transmit strain and consequently 

strain is accumulated there [2]. 

Attributing hot cracking to tensile strain was first proposed by the "theory of hot 

cracking" that was developed in the 1940's [15]. Only by the 1950's, was the critical 

tensile strain that would cause hot crack nucleation first quantified by Prokhorov 

[16]. Prokhorov quantified the amount of tensile strain increment necessary for hot 

crack nucleation. However, results were inaccurate because measurements for strain 

were not localized. Matsuda et al. [2] developed the Measurement by Means of In-

Situ Observation (MISO) technique to measure localized evolution of strain in a 

solid-liquid coexistent region with greater accuracy. The magnitude of the tensile 

strain increment, in a specific temperature range, is determined by the evolution of 

temperature-stress-strain state. 

Experimental work has determined the evolution of state responsible for hot crack

ing in tests. Weldability tests have been developed as a first step to address this issue. 

Weldabilty tests are a means to evaluate the ability to fabricate a weld that maintains 

its integrity under service conditions. The weldabilty tests can evaluate different as

pects of the welded joint, but the type of weldability tests addressed here are those 

that evaluate hot cracking susceptibility. 

Weldability tests are regarded as a viable method, in terms of cost and time, of 

evaluating some aspects of a weld before actually welding. Certain weldability tests, 

such as the Varestraint test, have proven their usefulness and, as a result, are widely 
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used. Nevertheless, each weldability test is often limited to a specific application. 

The large number of parameters and the diverse structures involved in welding makes 

devising a weldability test that can accurately assess weld joints a complex procedure. 

Similarly, reducing the risk of cracking requires understanding of the causes. 

The understanding of hot cracking is facilitated by the work of the likes of Nishi-

moto et al. [17]. Their research helped in understanding the effects of chemical el

ements on hot cracking [17]. Nishimoto et al. used a numerical analysis and ex

perimentation to study micro-segregation. It was shown that alloying elements can 

segregate to the grain boundaries at elevated temperature. The increased concentra

tion of these elements at the grain boundaries alters the local thermal properties of an 

alloy, which can include having a reduced melting temperature. The risk of ductility 

dip cracking was decreased by reducing the phosphorus (P) and sulfur (S) content in 

an Inconel alloy 690 to 30 ppm [17]. 

Factors affecting susceptibility of austenitic alloys to DDC have been identified 

by Ramirez et al. [9]. These factors included: chemical composition, segregation, 

precipitation, recrystallization, grain size and in addition, grain boundary migration 

and pinning, orientation and tortuosity. Ramirez et al. studied the effect of chemical 

composition on material resistance to DDC. Resistance to DDC was measured using 

a scanning electron microscope (SEM), a concept similar to the MISO technique. 

Once the experimental results from hot cracking tests for material resistance are 

obtained, the risk of hot cracking can be reduced. Varying the design and weld

ing parameters controls the evolution of temperature-stress-strain state in the region 

susceptible to hot cracking. An example of this is research by Chihoski [12] that 

showed that the risk of hot cracking can be reduced by increasing welding speed. 

Chihoski explained the cracking phenomenon by observing the strain pattern gener

ated during the welding process. Chihoski used a Moire fringe method to measure 

the displacement of material surrounding a weld pool during the welding process. 
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An investigation based on Chihoski's [18] concept is shown in Appendix C, where 

the effect of increasing welding speed on susceptibility to hot cracking is explained. 

Chihoski [18] asserts that by increasing the welding speed from 6 ipm to 20 ipm, he 

was able to successfully weld 2014-T6 aluminum without hot cracking. The 2014-T6 

aluminum alloy is still considered to be 'unweldable' to this day. Chihoski recognized 

these phenomena by observing interferometric changes on the surface of plates during 

welding. An alternative to Chihoski's method is the analysis of the mechanical strain 

responsible for hot cracking by the use computational models, such as that conducted 

by Feng [11]. CWM has superior capability, yet less associated costs, to perform a 

similar study [19, p. 2]. CWM can provide a three dimensional transient thermal 

and stress analysis of the laboratory test and of each weld in a real world welded 

structure. 

1.4.1 Computational Weld Mechanics 

CWM is capable of predicting mechanical response and further weld quality, by pro

viding the evolution of three-dimensional temperature, strain, stress and microstruc-

ture fields. A CWM analysis uses the finite element method. In order to conduct 

an finite element analysis, first, the mechanisms involved are identified and modelled 

using partial differential equations. By applying appropriate boundary and initial 

conditions the partial differential equations can be solved [11, p. 78]. 

CWM may be used to study the integrity of welds during the fabrication process. 

CWM can overcome some of the shortcomings of weldability tests and provide in

sight in thermo-mechanical conditions that lead to cracking. CWM simulations have 

been mainly used to predict distortion and residual stress of weld joints. However, 

the accuracy of behaviour near the weld pool often was limited because material 

properties at high temperature are difficult to measure and are not readily available. 
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Material properties at all required temperatures are usually obtained from experi

mentation [11, p. 10]. 

The benefit of simulation is in better insight into mechanics of weldability test 

results by providing information that is not readily observable in practice. CWM 

analyses allow several variations to be run so that the effect of specific parameters 

can be effectively analyzed. The use of CWM analyses can minimize the number 

of experimental tests, resulting in a less costly and time consuming design cycle. 

A CWM analysis continues to become a better alternative, by aiding the design of 

more effective laboratory experimentation, considering that computer performance 

improves and cost decreases [19, p. 2]. 

1.4.2 Welding Process 

Fusion welding is a joining method, most commonly used for metals, which relies on 

localized melting and then fusion on cooling. Various types of welding processes are 

in use across different industries but certain types of welding are often preferred in 

specific applications. Welding is used for fabrication in the transportation, power 

generation and construction industries. Welding remains a widely used joining pro

cess but creating a successful weld requires issues associated with the process to be 

considered. 

The welding process induces strain/stress and alters the microstructure and com

position. The disadvantages of welded joints are that they permit cracks to propagate 

between separate sections, have limited low cost and reliable non-destructive tests, 

result in distortion and residual stress and can contain defects [10, p. 2]. 

During welding, joining of metals is possible by melting the faying surfaces with 

or without the addition of a filler metal depending on the application. The melting of 

material occurs by means of a localized heat source. There are numerous kinds of heat 

sources, such as electric arc, electric resistance, plasma, laser, electron beam, oxy-fuel, 
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friction, etc. Immediately after the passing of a heat source, the weld and surrounding 

metal begin to cool. Heat from the weld pool is conducted to the cooler surrounding 

material. At the same time, heat from the weld joint convects and radiates to the 

atmosphere [20]. 

1.4.3 Welding Defects 

Alloys subjected to a combination of high temperature and tensile stress are at risk 

of hot cracking. Hot cracking is classified into three types: ductility dip; liquation; 

and solidification. Hot cracking affects manufacturing processes, the most common 

being casting and welding. The use of welding has been deemed unsuitable for various 

alloys which satisfy high performance requirements in some industries because of their 

high susceptibility to hot cracking. An example of this is Al-2024 alloy. However, 

the literature has shown that at least some of these alloys can be welded successfully 

with appropriately chosen weld procedures [21]. 

The literature signals a growing yet currently incomplete understanding of the 

phenomenon of hot cracking. Prevention of hot cracking is not yet fully understood. 

This might be due to its complex nature. Furthermore, the quality of the weld 

often relies on keeping the weld free from impurities, i.e., managing the chemical 

composition. Impurities are reduced by several methods. These methods include 

cleaning the surface that is to be welded, adding elements that have a higher chemical 

affinity to the impurities than the weld metal and using a shielding inert gas that 

reduces the reaction with elements in the surrounding atmosphere during welding. 

Furthermore, welding modifies the microstructure of the metal [22]. The composition 

of the metal determines the effect of the high temperature thermal cycles. 



1.5 Thesis Outline 

The first Chapter briefly introduced the topic of hot cracking, revealed the signifi

cance and purpose of this thesis. In Chapter 2, the various types of weld cracking 

are described with a focus on the characteristics of hot cracking in conjunction with 

weldability tests. The CWM analyses used to study the localized evolution of the 

temperature-stress-strain state are described in Chapter 3. The CWM analyses sim

ulate experimental work from the literature. Based on the theory behind hot cracking, 

causal factors are identified and used to predict elevated risks of hot cracking based 

on a CWM analysis. Chapter 4 presented the results of CWM analysis. The final 

chapter provided a summary of this thesis, suggested methods to reduce risk of hot 

cracks, recommended improvements to the research conducted along with suggestions 

of future work. 



Chapter 2 

Weld Cracking 

A weld crack is a discontinuity that occurs in a weld during or after welding. The 

tensile strain increment responsible for weld cracking is often the result of the welding 

process itself. Welding creates high thermal gradients, which entail localized expan

sion/contraction of the material. The localized expansion/contraction is opposed by 

the surrounding material, physical restraints and the geometrical rigidity of the weld 

piece. The transient tensile strain can be modified by altering welding parameters or 

restraint conditions [12]. 

In general, weld cracks can be classified according to the mechanism associated 

with the nucleation and propagation of a crack. The are several types of weld cracking 

and associated mechanisms by which they occur. The basic classifications for weld 

cracking are lamellar tear, cold and hot cracks. Research in this paper is limited to 

hot cracking. The ability to distinguish between the different types of cracking is the 

first step to understanding them. Understanding the mechanism behind nucleation 

and propagation of a certain type of crack provides an opportunity for devising a 

possible procedure for predicting nucleation. In addition to the previously mentioned 

types of cracking, cracks could be distinguished according to their location, such as 

in the parent material, weld fusion zone or heat affected zone (HAZ) and according 

to the cracks orientation relative to the welding direction. These are different names 

11 
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for the same phenomenon. 

Lamellar tearing occurs in the vicinity of and sometimes beyond the HAZ, usually 

in rolled plates. The material separates on non-metallic inclusions. Lamellar tearing 

is a result of the through-thickness strain transverse to the rolling plane developed 

from contraction during cooling of the weld joint. The presence of certain plate-

shaped non-metallic inclusions, often manganese sulfide (MnS) with low cohesive 

stress, aligned in the thickness direction cause the embrittlement [10]. Cold cracking 

is likely to occur in the HAZ or fusion zone and develops at low temperatures. These 

types of cracks can occur at any time after the welding process and provided that 

three requirements are met. The first requirement for cold cracking is for the material 

to have a susceptible microstructure, usually martensite in low alloy steels. Secondly, 

a certain amount of hydrogen is present in the material, which causes embrittlement. 

Hydrogen diffuses readily in the metal at elevated temperatures experienced during 

welding. Lastly, a tensile stress in the material can cause nucleation and eventual 

propagation of cold cracks [23]. Hot cracking is described in greater detail in the 

following section. 

2.1 Hot Cracking 

Predicting hot crack nucleation is possible by applying concepts from fracture me

chanics. The likelihood of cracking can be determined based on the critical rate 

of damage accumulation and the magnitude of damage [24]. In order to determine 

the parameters and conditions that increase the risk of hot cracking, a thermal and 

mechanical analysis is essential. However, a thermal and mechanical analysis alone 

is not enough unless one can relate it to the mechanism behind the hot cracking 

phenomenon. 

Hot cracking usually occurs in the fusion zone, partially melted zone (PMZ) and 



HAZ. It is a direct result of the combination of reduced material resistance to crack

ing and an applied tensile strain. Hot cracking can also be classified into different 

types based on the location and cause of cracking [23]. Hot cracking susceptibility is 

sensitive to microstructure and composition. The strain that is responsible for hot 

cracking is caused by expansion/contraction, phase changes or constraints. 

Generally, a crack will nucleate when the material damage tolerance for that 

crack type is exceeded. An accumulation of damage causes material to continue 

to deteriorate, manifested as a drop in strength or toughness, until, crack nucleation 

occurs. Prediction of crack nucleation is often based on the assumption that a material 

is macroscopically homogeneous. The amount of damage a material sustains can be 

quantified by a parameter [24]. 

According to Chihoski [12], the localized heating and cooling cause expansion and 

contraction, which is a result of either the density being temperature dependent or 

a change in phase. The expansion is restrained by surrounding lower-temperature 

material. The expansion of material in one region can cause local compressive fields, 

which in turn creates tensile fields in another region as a reaction [12]. 

2.1.1 Ductility Dip Cracking 

Ductility dip cracking (DDC) occurs in the solid phase, i.e. below the true solidus 

temperature. In other words, DDC can be observed below the temperature for liqua

tion cracking. DDC occurs within the ductility dip temperature range (DTR). For 

example, the DTR of austenitic alloys often corresponds to 0.5 and 0.7 of the absolute 

solidus temperature [9]. DDC takes place as part of the grain boundary separates 

from an adjacent grain boundary, at an atomic/molecular scale. The mechanism of 

DDC is not fully known, but there are a few theories. 

One explanation is that DDC nucleates as an applied shear stress causes voids 

to pile up and eventually coalesce [7]. DDC is also thought to be caused by grain 



boundary sliding and loss of cohesive strength [7]. Ramirez et al. [25] attributed the 

drop in inter-granular strength to impurity and interstitial element segregation to 

grain boundaries, grain size and grain boundary orientation. These material prop

erties are related to applied stress, grain boundary "tortuosity", welding parameters 

and strain rate [25]. Okauchi et al. [26] also proposed that the reduction of strength 

at the grain boundaries is as result of the impurity elements segregating to the grain 

boundaries [26]. This is in agreement with the detection of carbides at the surface of 

DDC cracks in nickel-chromium (Ni-Cr)alloys by Young et al. [27]. 

Below the DTR, deformation that of the inter-granular strength. The intra-

granular is predominately intra-granular, since intra-granular strength is below defor

mation causes the movement of dislocations that leads to hardening. This means as 

temperature drops below the DTR, resistance to DDC increases [1]. As temperature 

increases above the BTR region, the material resistance to DDC increases, which is 

attributed to the recrystallization that prevents crack nucleation [1]. 

2.1.2 Liquation Cracking 

Liquation cracking occurs in the PMZ and is intergranular. This type of cracking 

occurs as a result of grain boundary melting, while the grain centres remain in a 

solid state. The grain boundary melts before the solid centre of the grain as a result 

of segregation, i.e., variation of composition from the grain boundary to the grain 

centre. Cracking occurs when the grain boundaries cannot accommodate the tensile 

strain [28]. 

Alloys with a wide solidification temperature range and high thermal conductivity 

have larger partially melted zones, which accompanied by contraction due to solid

ification and temperature dependency of density, are more susceptible to liquation 

hot cracking [10]. Okauchi et al. [26] propose that material resistance is reduced at 



high temperatures as a result of elements segregating to grain boundaries. The frac

tion of solid phase, in a mixed solid-liquid region, is one measure of the resistance 

to cracking. Kou [29] observed that with Al alloys liquation cracking occurs if the 

PMZ has a lower solid fraction relative to the adjacent solidifying dendritic structure 

of the fusion zone. This is applicable when the fraction of solid exceeds 30% in the 

PMZ [29]. 

2.1.3 Solidification Cracking 

Solidification cracking is inter-granular and occurs in the fusion zone as the liquid 

solidifies. During the solidification process the crystal structure grows directionally, 

forming dendrites. The dendrites are surrounded by a liquid phase and these dendrites 

can be pulled apart by a tensile strain creating a solidification crack. Separation 

occurs in the inter-dendritic liquid phase. Solidification cracks often contain elements 

that lower the melting temperature. Solidification cracks that occur near the solidus 

temperature, propagate in the direction of dendritic growth. On the other hand, 

solidification cracks that occur near the liquidus temperature do not have a specific 

direction [30]. 

Solidification cracking occurs as material resistance drops when within the brit-

tleness temperature range (BTR). The BTR is the temperature range within which 

material resistance to solidification cracking is reduced. The tensile strain accumu

lated by material in the BTR is considered as the mechanical driving force. The 

critical strain that leads to cracking is a function of temperature [2]. 

Strain accumulates in the region of lower material resistance. In the case of 

solidification and liquation cracking, the susceptible region also experiences more 

strain than the remaining part of the weld joint because of both thermal contraction 

and solidification shrinkage. The temperature gradient across the welded section also 

causes a difference in the magnitude of contraction/expansion [10]. 



A quantitative measure of material resistance is given in terms of the relation 

between the temperature and the critical tensile strain increment that causes hot 

crack nucleation [31]. The curve with this information for solidification cracking is 

often referred to as a ductility curve. It provides the BTR, minimum critical strain and 

critical strain rate for temperature drop. These concepts associated with quantifying 

material resistance are also applicable to the other types of hot cracking [2]. 

The minimum critical strain is the lowest point on the ductility curve. The min

imum critical strain is also the smallest strain increment, at a specific temperature, 

that causes crack nucleation. It was proposed that the minimum critical strain de

pends on dihedral angle [3]. The dihedral angle, which is defined as the angle two 

grains of the solid phase form, to accommodate the liquid phase [32, p. 190-193]. The 

dihedral angle depends on grain size and wettability. Large wettability means higher 

susceptibility to solidification cracking because solid grain surrounded by liquid phase, 

which has less ductility. The critical strain rate is the minimum strain rate below 

which cracking does not occur. 

Material susceptibility to solidification cracking for a given weld procedure and 

weld joint is dependent on the composition, according to Kou [33]. Certain com

position dependent properties are responsible for the difference in susceptibility to 

cracking. The properties in question are solidification temperature range, the dis

tribution and amount of interdentritic liquid during solidification, the phase of the 

solidifying material, the surface tension of the grain-boundary liquid, the dendrite 

grain structure, composition distribution and the material resistance of the solidify

ing weld metal [33]. 

The solidification temperature range controls the size the mixed solid-liquid region. 

A wider solidification temperature range translates into a larger mixed solid-liquid 

region where the possibility of cracking is greater. It must be noted that solidification 

in welds is usually too fast to achieve equilibrium, thus the solidification temperature 



range obtained from an equilibrium phase diagram is not usually applicable. Segre

gation of elements cause the liquidus and solidus temperatures to change, resulting in 

a larger temperature range than that obtained from an equilibrium phase diagram. 

The phase that forms during solidification determines the solubility of alloying ele

ments. A solidifying phase with low solubility rejects elements to the liquid phase. 

The BTR for solidification cracking is a better approximation of the true solidification 

range [34], 

The distribution and amount of interdentritic liquid during solidification affect 

the likelihood of solidification crack nucleation and propagation. A large amount 

of interdendritic liquid could fill in any cracks that initiate. On the other hand, a 

limited amount of liquid might not reduce the ductility sufficiently. A material is most 

susceptible to solidification cracking when a thin liquid film covers a large region of 

dendrites [33]. 

The surface tension of the grain-boundary liquid affects the tendency to form 

continuous films on grains and is related to the dihedral angle. A large dihedral angle 

would reduce the tendency for a continuous film to form. Alloys with finer equiaxed 

grains are less susceptible to solidification cracking. Liquid more readily fills cracks. 

There are less segregating elements of low melting points at the grain boundary due 

to larger ratio of grain boundary area to grain size. The material resistance of the 

solidified phase is a factor in the susceptibility to cracking [33]. 

2.2 Weldabilty Tests 

Weldabilty tests provide information regarding the effects of material composition, 

welding parameters or restraint. Weldabilty tests can provide comparative assess

ments of material susceptibility to defects. Numerous weldabilty tests have been 

developed over the years [35], but the most successful and popular of these tests are 



often cost effective, simple (user friendly) and repeatable. For example the Vare-

straint test provides a good indicator of the effect of certain design variables on the 

behaviour of a weld. The weldabilty tests conducted by Matsuda et al. [2] provide a 

quantitative analysis of a material's susceptibility to hot cracking. 

2.2.1 Varestraint Test 

The Varestraint test is used to determine susceptibility to solidification and liquation 

cracking [36]. In the Varestraint weldability test the weld joint is subjected to a 

variable restraint, either in the longitudinal or transverse direction relative to the 

welding direction, which is known as the Trans-Varestraint test [37]. 

Both the Varestraint and Trans-Varestraint tests require fixing the plate being 

welded as a cantilever, while a bending force is applied on the edge. A die block 

underneath the cantilever controls the radius of curvature. 

The timing of the application of the force should coincide with a specific position 

of the weld pool [10]. The radius of the die block controls the strain to which the 

bar is subjected. As indicated previously, hot cracking typically occurs at the surface 

near the HAZ or the fusion zone [27]. 

2.2.2 Measurement by Means of In Situ Observation Tech

nique 

The purpose of the Measurement by Means of In Situ Observation (MISO) technique 

is to measure the strain increment during the solidification process. Matsuda et 

al. [2] used the MISO technique to determine susceptibility to solidification cracking. 

The MISO technique provided the relationship between the critical strain increment 

and temperature, in the form of a 'ductility curve'. The MISO technique is used 

to determine material resistance to solidification cracking, based on the local strain 
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increment and strain rate that are measured behind a weld pool [2]. 

The MISO technique uses high-speed photography to measure the local strain and 

strain rate that leads to crack nucleation and propagation. Measurements are made 

behind the weld pool, where the material is a combination of liquid and solid phase. 

During welding the area behind weld pool is filmed with a high speed camera that 

moves with the heat source. Strain is determined by visually measuring the distance 

between any two distinguishable surface marks in the desired direction. The surface 

marks used, appear naturally, as a result of the welding process [2]. 

Two methods are used to measure the strain across a propagating crack. The first, 

the moving gauge method, involves measuring the strain at the crack tip and following 

it as it propagates. The second, or fixed gauge method, measures the strain only across 

the crack nucleation point and assumes it is the same at the propagating crack tips. 

The corresponding temperatures at the crack tips are computed based on its distance 

from the solidification front. The moving gauge method theoretically produces more 

accurate results but the difference between the results of the two methods is minimal 

and only obvious with alloys that are less susceptible to solidification cracking. The 

difference in the results obtained from moving versus fixed gauge was attributed to 

the sudden increase in strain before crack nucleation due to accumulation of strain 

at the propagating crack tip [2]. 

Measuring the localized strain using the MISO technique on the Trans-Varestraint 

test yielded values for minimum critical strain higher than those measured using 

the ordinary Trans-Varestraint test. The cause of this difference in results is the 

measurement of strain. Matsuda et al. [2] used the MISO technique on the Trans-

Varestraint and tensile hot cracking test yielding similar results. The measurement 

of strain from the ordinary Trans-Varestraint test does not account for peaks in 

strain in the vicinity of the solidification front, i.e., it averages strain over a longer 

gauge length. The peak in strain at the solidification front is explained by the stress 



concentration at the weld pool. The variation of strain over a plate is caused by 

temperature gradient [2]. 

The MISO technique offers accurate results but not the true value, as shown by 

the minimum critical strain dependence on gauge length [2]. The minimum critical 

strain was shown to increase as the gauge length decreased. A gauge length smaller 

than a certain limit produced results that were not repeatable. At small scales the 

strain becomes less uniform due to concentration of strain at the columnar grain 

boundaries. Matsuda et al. [2] showed that a gauge length 0.9 to 1.7 mm provided 

the largest value for minimum critical strain with good repeatability. 



Chapter 3 

Methodology 

A computational weld mechanics (CWM) simulation was developed for the pur

poses of this thesis, in order to determine the localized evolution of the transient 

temperature-stress-strain state for hot crack nucleation. During the time any Gauss 

point in the hot crack temperature region the strain increment exceeds the mate

rial hot crack resistance, it is assumed a hot crack will nucleate. The evolution of 

the temperature-stress-strain state determines the susceptibility of weld joints to hot 

cracking. A CWM simulation, using VrWeld software [6], computes temperature and 

stress, at all temperatures up to melting temperature. Obtaining 3D transient tem

perature and strain fields in such a temperature range, would otherwise be difficult 

to physically measure. Several issues were considered, while developing the CWM 

model, to depict the behaviour of the weld joint. These issues include meshing, stress 

boundary conditions, welding parameters and material properties. 

3.1 Project Description 

The CWM simulation of welding begins by conducting a transient three-dimensional 

thermal analysis. The transient temperature results, from this thermal analysis, are 
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used to compute the thermal strains in the stress analysis that follows. In this re

search, two CWM models were developed to simulate two tests described in the 

literature [1,2]. In particular the susceptibility to ductility dip cracking (DDC) and 

the susceptibility to solidification cracking were determined separately using CWM 

models of single pass bead-on-plate welds, i.e., with no added filler metal. 

The first CWM model emulates the CWM simulation conducted by Chen and 

Lu [1], to determine susceptibility to DDC of a weld. Chen and Lu measured the 

strain to DDC nucleation versus temperature for filler metal 82 (FM82). FM82 is a 

nickel-based alloy often used as filler metal during the welding of Inconel alloys. The 

results were obtained by conducting multiple tensile tests with a constant cross head 

speed of 0.5 mm/s. Each tensile test was conducted at a different temperature within 

the ductility dip temperature range (DTR). Chen and Lu followed these hot tensile 

tests by CWM analyses of two welds with different welding speeds. Chen and Lu used 

the computed localized equivalent strain increment and temperature to determine the 

risk of DDC at different distances from the weld centre-line [1]. 

The second CWM model was designed to emulate the solidification cracking tests 

conducted by Matsuda et al. [2]. In Matsuda et al.'s test, a displacement rate, referred 

to as cross head speed (CHS), was applied to the edges of the plate that are parallel to 

the weld. The applied CHS causes a localized tensile strain transverse to the welding 

direction [21]. The CHS was varied to analyze the effect of localized strain rate 

and increment on the risk of solidification cracking. The localized strain increment 

behind the weld pool was measured by the Measurement In-Situ Observation (MISO) 

technique, which Matsuda et al. [2] pioneered. 

The two CWM analyses presented in this thesis determine hot cracking suscepti

bility by comparing the computed strain increment and temperature to curves that 

quantify material resistance to hot cracking. The CWM models used in each analysis 

are shown in Tables 3.1 and 3.2. It must be noted that the actual cracking mechanism 
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is not modelled. Only the evolution of temperature-stress-strain state is simulated, 

based on which the susceptibility to crack nucleation is determined. Curves for ma

terial resistance were obtained from existing literature [1,3]. The material resistance 

curves quantify the strain increment necessary to cause hot cracking nucleation at 

different temperatures within a susceptible range. CWM simulation is a step towards 

predicting the risk of hot crack nucleation in real welds, using the experimentally 

measured curves for material resistance to hot cracking. 

Table 3.1: CWM models for DDC test. 

Variable Project 

weld speed parent sub 1 

2 mm/s ddc_wsl_prnt ddc_wsl_subl 

5 mm/s ddc_ws2_prnt ddc_ws2-subl 

Table 3.2: CWM models for solidification cracking test. 

Variable Project 

cross head speed parent sub 1 sub 2 

0.1 mm/s sc_chsl_prnt sc_chsljsubl sc_chsljsub2 

0.2 mm/s sc_chs2_prnt sc_chs2^subl sc_chs2_sub2 

2 mm/s sc_chs3_prnt sc_chs3_subl sc_chs3jsub2 

20 mm/s se_chs4_prnt sc_chs4_subl sc_chs4jsub2 

3.1.1 Domain for CWM Models 

The dimensions of the plates for the DDC and solidification cracking CWM models 

are presented in Table 3.3 and 3.4, respectively. The weld path is along the dimension 

given for the length of the plate. The transverse dimension is perpendicular to the 

welding direction. The dimensions of the plate for the DDC CWM model are the 
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same as those used by Chen and Lu [1]. The solidification cracking CWM model used 

dimensions for the plate that are comparable to those used by Matsuda et al. [3]. 

However, in the solidification cracking CWM model the length of the plate in the 

welding direction was modified slightly for the convenience of the user. 

Table 3.3: DDC test: plate dimensions' for CWM model after Chen and Lu [1] 

Width 100 mm 

Length 100 mm 

Thickness 2 mm 

Table 3.4: Solidification cracking test: plate dimensions for CWM model after 
Matusda et al. [2]. 

Width 300 mm 

Length 50 mm 

Thickness 2 mm 

In each CWM model the domain of the plate was meshed with eight-node hex

ahedron or brick elements using a 2x2x2 distribution of Gauss points. The mesh 

was refined at and in the vicinity of the fusion zone as required particularly for the 

expected high thermal gradients and the resulting high stress/strain gradients. The 

width of the section to be refined was chosen to be 20 mm in width for the CWM 

models for both the DDC and the solidification cracking tests. 

The difference in element size between adjacent elements was limited. The desired 

mesh size was based on Matsuda et al.'s [2] recommendation for a gauge length 

between 0.9 mm and 1.7 mm. A range for the gauge length was specified, instead of 

a single length, because the MISO technique uses distinguished marks that randomly 

and naturally appear. The element width is less than 1.0 mm so that gauge length 

would contain at least a single element. In order to use a fine mesh, while reducing 

computational cost, 'sub-models', which are discussed in the next section, were used. 
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The mesh was refined using sub-models, such that the difference in mesh size between 

consecutive mesh refinements is limited. 

The dimensions of the elements in the meshes are given in Tables 3.5 and 3.6, 

for the DDC and solidification cracking tests, respectively. The numbers for fine and 

coarse correspond to the element size in the refined section and the coarse section of 

the plates. A single dimension is given for the brick elements, because they are cubic 

in shape, also known as a regular hexahedron. The number of elements used in the 

DDC and solidification cracking tests are shown in Tables 3.7 and 3.8. 

Table 3.5: DDC test: mesh size of refined section in parent and sub-models. 

Project Element Size 

fine / coarse 

parent 1 / 2  m m  

sub 1 0.5 / 2 mm 

Table 3.6: Solidification cracking test: mesh size of refined section in parent and 
sub-models. 

Project Element Size 

fine / coarse 

parent 1 / 2  m m  

sub 1 0.5 / 2 mm 

sub 2 0.25 / 1 mm 

Table 3.7: DDC test: number of elements in parent and sub-models projects. 

Project Number of Elements 

parent 6000 

sub 1 2880 

The time step size is defined by the user. In the CWM simulations conducted, 

the size of each time step was set such that the heat source moves one element in the 
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Table 3.8: Solidification cracking test: number of elements in parent and sub-models 
projects. 

Project Number of Elements 

parent 5500 

sub 1 1920 

sub 2 15360 

welding direction for every time step. This means that the time step size equals the 

total welding time divided by the number of elements in the welding direction. 

Sub-models 

The sub-model feature in the VrWeld software [6] allows for an analysis of a small 

section of a larger model. The sub-model feature permits mesh refinement in any 

section of choice. This feature provides more accurate results than a coarse mesh, 

while maintaining low computational time. Results from a parent project are mapped 

onto the boundary of the sub-model. Nodes from the sub-model boundary, that 

do not have corresponding nodes from the parent projects, have values that are an 

interpolation of the values from adjacent parent master nodes. In order to obtain 

a certain degree of accuracy the difference in mesh size between the parent and the 

sub-model was limited. The sub-model geometry was defined by specifying multiple 

half-spaces, i.e., oriented planes. This type of sub-model is referred in the VrWeld 

software as 'CutPlaneBox'. 

The stress analysis for the DDC test was performed using the sub-model feature. 

The sub-model was from the centre of the plate and made large enough so that the 

susceptibility to DDC of multiple points, at various distances from the weld centre

line, could be studied. The sub-model in the DDC test measures 18 mm across the 

weld path, 10 mm along the weld path and includes the entire thickness of the plate. 

The stress analysis, for the solidification cracking test, was also performed using the 
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sub-model feature. In the solidification cracking test, the location of the sub-model 

is focused on the trailing end of weld pool during the time when the CHS is applied. 

The CHS is applied when the heat source reaches the midpoint on the weld path. 

The size of the sub-model encompasses the trailing edge of the weld pool during the 

period of time at which the CHS is applied to the sides of the plate. As in the DDC 

test the sub-model in the solidification cracking test measures 18 mm across the weld 

path, 10 mm along the weld path and through the thickness of the plate. The location 

of the sub-model relative to the parent model is shown in Figures 3.1 and 3.2, for the 

DDC test and solidification cracking test, respectively. 

fine 
mesh welding 

direction 

sub-model 

coarse 
mesh 

Figure 3.1: DDC test: outline for plate, refined section and submodel. 

3.1.2 Parameters 

The thermal and stress analyses are based on governing equations for the conserva

tion of energy, mass and momentum. The solution of the equations requires certain 

parameters, which are material properties. Although the properties are often depen

dent on the material state, composition and temperature, their values are readily 
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welding 
direction 

sub-model fine 
mesh 

coarse 
mesh 

Figure 3.2: Solidification cracking test: outline for plate, refined section and sub
model. 

available. 

Thermal Analysis Parameters 

The thermal analysis uses the heat equation, based on the fundamental principle of 

energy conservation. Heat input from a welding process is given in terms of a power 

density distribution applied to the domain defined by the double ellipsoid heat source 

model [38]. The thermal analysis parameters used in the heat governing equation in 

this welding simulation were: thermal conductivity, specific heat, solidus and liquidus 

temperatures and latent heat of melting. The values of the thermal parameters are 

temperature dependent and are presented in Appendix A. 

Stress Analysis Parameters 

The parameters, in the governing equation used in the stress analysis, were: Young's 

modulus, Poisson's ratio, viscosity, yield stress, hardening modulus and coefficient of 

thermal expansion. The values for these temperature-dependent material properties 



that were used in this CWM analysis are in Appendix A. The viscosity used in this 

CWM analysis is for stress relaxation. Viscosity defines the relationship between 

strain rate and stress, as shown in Equation 3.1. 

o = fii (3.1) 

Metals in the solid state can exhibit viscous behaviour under certain circum

stances. While elastic behaviour leaves the topology of the network of atomic bonds 

unchanged, viscous behaviour changes the network of atomic bonds. The viscous be

haviour should be accounted for in a computational model to better represent actual 

material response to stress. Viscous behaviour exhibited during creep was omitted in 

the simulation conducted for this research but would be a more significant factor for 

projects with larger time frames. Viscosity is discussed in greater detail in Appendix 

D. 

Heat Source 

The welding parameters include: welding speed, weld current, weld voltage, arc effi

ciency and dimensions of the double ellipsoid heat source model to emulate the power 

density distribution in the weld pool. The dimensions of the double ellipsoid heat 

source model are chosen to be as close as possible to the dimensions of the weld pool. 

The maximum temperature in the weld pool is usually in the range of 300 K greater 

than the liquidus temperature. The magnitude of the power and the welding speed 

will affect the amount of energy transferred to the weld joint. The depth of the double 

ellipsoid is set such that the weld fully penetrates the plate thickness. 

The DDC test used two different welding speeds, which were the same as those 

used by Chen and Lu [1]. The current and voltage for the 2 mm/s weld were taken 

from Chen and Lu's paper [1]. The welding parameters of the test, with a welding 
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speed of 5 mm/s, were chosen such that the weld pool size would be almost the same 

as in the test with a 2 mm/s welding speed, as specified by Chen and Lu [1]. The 

welding parameters for the two DDC tests are shown in Table 3.9. On the other 

hand, for the solidification cracking test, a single set of welding parameters, shown in 

Tables 3.10 and 3.11, were used with separate stress analyses. 

Table 3.9: DDC test: welding parameters. 

Voltage 10 V 

Arc efficiency 0.6 

Welding speed 2 mm/s 5 mm/s 

Current 100 A 180 A 

Double 

ellipsoid 

front (a2) 3 mm 2 mm 

Double 

ellipsoid 

rear (ai) 15 mm 8 mm Double 

ellipsoid width (b) 8mm 10mm 

Double 

ellipsoid 

depth (c) 4 mm 4 mm 

Table 3.10: Solidification cracking test: welding parameters. 

Weld speed 2 mm/s 

Voltage 19.5 V 

Current 35 A 

Arc efficiency 0.7 

Table 3.11: Solidification cracking test: double ellipsoid dimensions. 

front (a2) 6 mm 

rear (ai) 12 mm 

width (b) 6 mm 

depth (c) 2 mm 
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Material Properties 

The material properties that are used in the governing equations determine the be

haviour of the model. The analysis conducted is a macro analysis, because the scales 

dealt with are larger than grain size. As such, material properties are based on bulk 

values for sufficiently large sampling volumes. These large sampling volumes are not 

sensitive to local variations at smaller length scales, i.e., the microstructure length 

scale. 

3.1.3 Boundary Conditions 

In an initial value problem, boundary conditions are a function of time. In both 

the DDC and solidification cracking tests rigid body motion was constrained. In the 

solidification cracking test the plate was constrained along both edges, to prevent 

movement in the direction transverse to the weld path. The constraints, in the 

solidification cracking test, simulate the effect of the pins, used to apply the CHS 

in the Matsuda et al. experiment [2]. The same constraints at the plate edges are 

used to apply the CHS, when the heat source reaches midway of the weld path. 

Cross Head Speed 

A CHS was used in the solidification cracking test in order to simulate the effect of 

the load applied halfway through the welding process. A prescribed displacement 

was applied over a specified period of time, to obtain the displacement rate defined 

in terms of CHS, by Matsuda et al. [2]. The starting time for the CHS was set to the 

point in time at which the heat source has reached the midpoint on the plate. The 

CHS generates a localized strain that can cause cracking. The rate of the applied 

displacement is varied because it affects the risk of hot cracking. 

The localized strain is computed in the solidification cracking CWM model by 
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a virtual gauge positioned across the weld centre-line, halfway along the weld path. 

Since the mechanics of crack propagation are beyond the scope of this thesis, the 

CWM model will be used to measure the strain increment that may lead to solidifica

tion crack nucleation. Matsuda et al. [2] were able to produce ductility curves because 

strain is measured before crack nucleation and during propagation. Displacement in 

the simulation was applied at both sides in opposite directions to preserve symmetry 

of displacements across the weld path. The applied strain is evenly distributed over 

the nodes on opposite sides of the plate. The duration for which the CHS is applied, 

is a minimum of 1 s and such that the ending time corresponds to a time step. 

3.1.4 Initial Conditions 

Initial conditions are required if it is an initial value problem that evolves in time. 

The initial temperature for the weld and the ambient temperature was set to 300 K. 

Before welding begins the material is subject to zero stress and strain. The CWM 

analysis is conducted without consideration of the microstructure of the material. 

3.2 Variation of Design Parameters 

The DDC test used two different sets of welding parameters. The welding parameters 

were varied by Chen and Lu [1] to show the effect of welding speed on susceptibility 

to DDC. In the solidification cracking test, the variable in the cases that are analyzed 

was cross head speed (CHS). The different cases determine the effect of CHS on the 

localized strain rate, thus susceptibility to solidification cracking. A sufficiently low 

CHS will not cause cracking as the resultant localized strain rate will be below the 

critical value. The critical strain rate, obtained from material resistance plots, is the 

rate of strain with respect to temperature. 
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3.3 Estimating Risk of Hot Crack Nucleation 

The competition between the driving force and material resistance determines the 

likelihood of hot crack nucleation. This competition can be interpreted as criteria, 

which when they coincide at a material point result in the nucleation of a hot crack. 

These criteria are: 

1. the temperature is within a specific range; 

2. has a certain thermal profile; 

3. and is subject to a tensile strain increment and strain rate greater than critical 

values. 

Based on these criteria, the risk of hot cracking may be evaluated using 3D tran

sient thermal and stress analyses based on CWM. 

3.3.1 Susceptible Temperature Range 

Hot cracking at a point occurs within specific temperature ranges, within which the 

material resistance to cracking is reduced. Each type of hot cracking occurs within 

a specific temperature range. This temperature range is a material property that is 

composition dependent. The temperature range at which DDC occurs is known as 

the ductility dip temperature range (DTR). Solidification cracking occurs in the brit-

tleness temperature range (BTR). While liquation cracking occurs within the same 

temperature range as the BTR but liquation cracking necessitates that the temper

ature does not exceed the local liquidus temperature. However, if the temperature 

only exceeds the susceptible temperature range before crack nucleation, then damage 

caused by the strain will likely be reduced. The hot cracking susceptible temperature 

range is measured experimentally. 
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3.3.2 Thermal Profile 

Any cracks that could form in the area directly ahead of the weld pool will be 'healed', 

once transformed into a liquid phase. However, this phenomena depends on avail

ability of sufficient quantity of liquid to fill the discontinuity. At temperatures below 

the local liquidus, there is a risk of nucleation of DDC during cooling and heating. 

Similarly, there is also a risk of liquation cracking, at temperatures below the local 

liquidus, during cooling and heating. Liquation cracking will not occur after the tem

perature exceeds the local liquidus temperature. The reason is, in liquation cracking, 

the centre of the grains must have remained in a solid phase. In contrast, solidification 

cracking can initiate only during cooling from a liquid phase. This cooling may be 

interpreted as a temperature drop over time. Based on this criterion, during welding 

the region susceptible to solidification cracking is behind the weld heat source. 

3.3.3 Tensile Strain Increment and Rate 

A magnitude for the localized strain increment and strain rate above critical values in 

the susceptible temperature ranges, BTR or DTR, will lead to hot crack nucleation 

[11]. Ideally, measurements of the strain and strain rate would be made in each of 

the directions of the principal axes of tensile stress. The magnitudes of the critical 

strain increment and the strain rate are proportional, material specific and may be 

obtained from a material resistance curve [4]. 

The relation between strain and strain rate for DDC is explained by grain bound

ary sliding, which occurs at temperatures within the DTR. A high strain rate in a 

fixed time increment generates a greater amount of strain for crack nucleation. The 

effect of strain rate is more apparent for materials that are less susceptible to crack

ing [39]. Plastic deformation, due to grain boundary sliding, cannot compensate for a 

strain applied at a high rate, which increases hot cracking susceptibility. The reason 
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being that grain boundary sliding is based on a diffusion process, which is time de

pendent [39]. On the other hand, using a low strain rate prevents cracking. Matsuda 

et al. [39] were able to quantify the grain boundary sliding, which was used to study 

the effect of strain rate. As a result, Matsuda et al. determined that the amount of 

grain boundary sliding is proportional to the total strain increment. 

3.4 Special Considerations for Material Resistance 

and Damage Accumulation 

Hot cracking is an irreversible process and the damage that leads to crack nucleation 

is similarly irreversible. The plastic component of the tensile strain is the likely cause 

of the damage that leads to cracking. The plastic component of strain is significantly 

greater than the elastic component, in the susceptible temperature ranges [16]. 

The transient thermal analysis provides the temperature at each Gauss point at 

the end of each time step over the welding time period. The time steps for the stress 

analysis match those of the thermal analysis. 

The computed strain in the principal directions is used in order to determine 

the direction of the maximum tensile strain. A hot crack will nucleate as a result 

of the maximum principal tensile strain and eventually propagate in the direction 

perpendicular to the maximum principal tensile strain. 

As stated earlier, the materials used for the CWM models are FM82 for the 

DDC test and Inconel 600 for the solidification cracking test. Ni-based materials 

are chosen for two reasons. The first reason is simply a consequence of the limited 

availability of data for resistance to hot cracking. The second and more significant 

reason, for the choice of nickel-based materials, is that a macroscopic analysis alone 

can provide an adequate approximation for the material behaviour. This is justified 
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by Wei Zhang [40], "For austenitic stainless steels and nickel alloys, they largely stay 

in the face-centered cubic (FCC) crystal structure in the solid state. Many models 

for predicting weld residual stresses do not include any solid-state transformation for 

those materials." 

The values of the FM82 material resistance to DDC are obtained from the work 

of Chen and Lu [1]. Material resistance to solidification cracking for the Inconel 600 

is taken from the work of Matsuda et al. [3]. Based on the thermal analysis, the area 

with reduced resistance to hot cracking, at any instant in time, can be identified by the 

isotherms for the maximum and minimum of the hot cracking susceptible temperature 

range. The computed localized strain increment is compared to the data for material 

resistance. Values for localized strain increment exceeding the material resistance 

curves indicate an increased risk of hot cracking, computed at each Gauss point in 

the mesh. 

Material resistance to DDC was based on the results of the tensile tests, conducted 

by Chen and Lu [1], which are shown as a curve in Figure 3.3. Chen et al. [7] also 

used the tensile tests to create stress-strain curves for FM82 at different temperatures. 

The strain at which fracture occurs is significantly higher than the strain at which 

DDC nucleates. In addition, the maximum temperature at which a tensile test was 

conducted is approximately 1473 K but the DTR upper limit for FM82 was specified 

as 1623 K. Material resistance at temperatures between 1473 and 1623 K has been 

extrapolated from the material resistance exhibited at 1473 K, based on a conservative 

assumption that the strain to DDC nucleation remains at least constant. 

The evolution of state on the constant temperature tensile tests, conducted by 

Chen and Lu [1], is quite different from the evolution of state in a weld, which is 

subject to a thermal cycle. A method is required to relate or map the evolution of 

state in the high temperature tensile tests to the evolution of state at a point in a 

weld. The solution conjectured here is to measure the accumulated damage at a point 
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Figure 3.3: DDC critical strain at different temperatures with 0.5 mm/s cross head 
speed after Chen and Lu [1]. 

in the weld, using a concept similar to Miner's rule. Miner's rule is used to determine 

the fatigue life of a part subjected to cyclic loads at different stress levels. Miner's 

rule computes the fraction of the fatigue life for each stress level. When the fractions 

sum to 1.0, the specimen is assumed to have reached the end of its fatigue life. 

A similar idea can be used to determine the amount of damage caused by the 

plastic strain increment at different temperatures for any point (x,y,z) in a weld joint. 

Accumulated damage at a point in the weld is computed at n time intervals or time 

steps within the duration of the weld thermal cycle. The sum of the increments 

in the damage parameter determines the likelihood of hot crack nucleation. The 

contribution to the damage parameter is measured by the plastic strain increment 

in the weld, within each temperature interval, normalized with the experimentally 

determined strain to DDC nucleation in hot tensile tests. This is interpreted in 

Equation 3.2 for n time steps. 

y*  Ae f (T (A t i ) )  =  y*  
£  e f (T (A t t ) )  2> (  l )  

(3.2) 
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]T ft(Ati) > 1.0 (3.3) 
t=i 

where e/(T(AU))  is the experimentally measured strain to DDC nucleation in hot ten

sile tests, at temperature T(Ati) and Aef(T(Att)) is the increment in the computed 

principal strain in a given time interval, AU = tl+x — tt, with an average temperature, 

T ( A t i )  =  ( T ( t i + 1 )  +  T ( t i ) ) / 2 .  

Clearly, this criterion for estimating the risk of hot crack nucleation needs experi

mental verification. For this thesis, it is assumed that a hot crack nucleates when the 

sum of the damage parameter increments, /;, is 1.0. Before utilizing this technique, 

the role of negative (compressive) strain increment on the accumulated damage must 

be addressed. 

There are four possible assumption that can be made to account for the effect of 

a negative strain increment: 

1. a negative strain increment causes as much damage as a positive strain incre

ment, thus the absolute value of the strain increment is used; 

2. a negative strain is irrelevant to the damage, therefore a negative damage in

crement is set to zero; 

3. a negative strain reduces damage or, in other other words, heals; 

4. or some weighting factor can be assigned to above options. 

The method that best represents reality can be determined by conducting appro

priate experiments. The most conservative conjecture for the role of negative strain 

increment is used, that is it causes as much damage as the positive strain increment, 

even though this is improbable. Figure 4.8 will show how these options compare in 

use. 



Chapter 4 

Results 

4.1 Ductility Dip Cracking Test 

The CWM analyses for the DDC test required two separate thermal analyses for the 

two different welding speeds and a separate stress analysis for each thermal analysis. 

The CWM analyses for DDC test were conducted on a plate with restraints to prevent 

rigid body motion only. The susceptibility of several points on the top surface of the 

plate was analyzed. The temperatures at which FM82 is susceptible to DDC, also 

known as the DTR, is shown in Table 4.1 [1], The isotherms for the DTR, at any 

instant of time, bound the region at risk of DDC. 

Table 4.1: DTR for FM82 after Chen and Lu [1]. 

Maximum 1623 K 

Minimum 1173 K 

4.1.1 Temperature 

The visualizations for thermal results with isotherms for the DTR are shown for the 

two welding speeds, 2 mra/s and 5 mm/s, in Figures 4.1 and 4.2, respectively. These 
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results are at the time the heat source reached the midpoint of the designated weld 

path. 

For the DDC test, the temperature is recorded at the top of the plate on the 

midpoint of weld path and at six other positions, 1 mm apart, computed along the axis 

transverse to the welding direction. The locations at which the strain and temperature 

results were taken from relative to the heat source, at time of 32.5 s from the start 

of welding, are shown in Figure 4.3 for the sub-model. 

The plots of the temperature results for the two welding speeds are shown in 

Figures 4.4 and 4.5. The temperature for the liquidus was assumed to be 1655K. 

The welding current and double ellipsoid dimension were modified such that the weld 

pool dimensions would be the same for both welding speeds, as specified by Chen and 

Lu [1], 

4.1.2 Strain 

The damage caused by the maximum tensile component of the plastic principal strain 

increment is used to study susceptibility to DDC cracking. The principal components 

are used, because it is the maximum tensile strain that causes the separation of the 

grains. The equivalent plastic strain at Gauss points is also shown for the purposes of 

comparing the results of Chen and Lu [1]. The strain increment was recorded when 

the temperature reached the minimum of the DTR. However, where the temperature 

exceeded the maximum of the DTR, 1623 K, the plastic strain increment was recorded 

at the point when the temperature dropped back to the maximum of the DTR. Once 

the temperature exceeds the DTR, recrystallization is expected to occur reducing the 

damage accumulated during heating. In the tests conducted, damage accumulated 

during heating was minor and not sufficient to cause cracking. The temperature 

exceeded 1623 K at distances up to and including 3 mm from the weld centre-line for 

both welding speeds. 



41 

Tinp*raturm3(K) 

1.920*03 

1.740*03 

1.560*03 

1.380*03 

1.200*03 

1.020*03 

300. 

Figure 4.1: DDC test: temperature field and DTR isotherms with a 2 mm/s welding 
speed, at t = 25 s. 
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Figure 4.2: DDC test: temperature field and DTR isotherms with a 5 mm/s welding 
speed, at t = 10 s. 
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Figure 4.3: DDC test: results for temperature and strain are taken at Gauss points 
that are in between the markers. Shown is their location relative to temperature 
field in the sub-model with a 2 mm/s welding speed, at t = 32.5 s. 
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Figure 4.4: DDC test: temperature versus time with a 2 mm/s welding speed, for 
Gauss points at the top surface of the plate, halfway across the weld path. 
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Figure 4.5: DDC test: temperature versus time with a 5 mm/s welding speed, for 
Gauss points at the top surface of the plate, halfway across the weld path. 

In order to better illustrate the details of the method outlined above and the effect 

of negative (compressive) plastic strain increment, the likelihood of DDC nucleation 

at a point, 5 mm from the weld centre-line and at the midpoint of the weld path is 

determined. In Figure 4.6 the temperature profile at the specified point is shown. 

Results at the same point for the tensile principal plastic strain increments are shown 

in Figure 4.7 and the sum of damage parameter is shown in Figure 4.8. 

In the CWM model for DDC, plastic strain increment is computed in all principal 

directions at Gauss points. The sum of the damage parameter, which leads DDC, is 

computed at the same points, for which temperature is shown in Figures 4.4 and 4.5. 

The sum of the damage parameter, caused by the increment of the components of 

principal plastic strain, versus time curves, for a welding speed of 2 mm/s, are shown 

in Figures 4.10, 4.12 and 4.14. In the test with a welding speed of 2 mm/s, eigenvectors 

for the plastic strain are shown in Figures 4.9, 4.11 and 4.13. In the test with a welding 

speed of 5 mm/s, eigenvectors for the plastic strain are shown in Figures 4.16, 4.18 and 

4.20. The equivalent plastic strain increment versus temperature curve, for a welding 
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speed of 2 mm/s, is shown in Figure 4.15. Figures 4.17, 4.19 and 4.21 show the curves 

for the sum of the damage parameter, caused by the components of principal plastic 

strain increment, versus time, for a welding speed of 5 mm/s. The equivalent plastic 

strain increment versus temperature curve, for a welding speed of 5 mm/s, is shown 

in Figure 4.22. 
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Figure 4.6: DDC test: temperature versus time, at distance of 5 mm from the weld 
centre-line, with a 2 mm/s welding speed. 
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Figure 4.7: DDC test: increment in principal plastic strain 3 versus time, at distance 
of 5 mm from the weld centre-line, with a 2 mm/s welding speed. 
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Figure 4.8: DDC test: sum of the damage parameter, /2, versus time, at distance 
of 5 mm from weld centre-line, with a 2 mm/s welding speed. 

(a) assumes the absolute value of the strain increment causes damage; (b) assumes 
the negative strain increment causes no damage; and (c) assumes the negative strain 

increment heals. 



46 

-0.0100 

-0.0128 

-0.0156 

-0.0183 

-0.0211 

-0.0239 

-0.0267 

-0.0294 

-0.0322 

0.0350 

Figure 4.9: DDC test: eigenvectors for 1st component of principal strain at t 
s, from 0 to 6 mm from weld centre, for a 2mm/s welding speed. 
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Figure 4.10: DDC test: damage parameter, caused by eigenvalue for 1st component 
of principal plastic strain increment, versus time, for a 2 mm/s welding speed. 
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Figure 4.11: DDC test: eigenvectors for 2nd component of principal strain at t 
45 s, from 0 to 6 mm from weld centre, for a 2 mm/s welding speed 
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Figure 4.12: DDC test: damage parameter, caused by eigenvalue for 2nd component 
of principal plastic strain increment, versus time, for a 2 mm/s welding speed. 
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Figure 4.13: DDC test: eigenvectors for 3rd component of principal strain at t 
45s, from 0 to 6 mm from weld centre, for a 2 mm/s welding speed. 
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Figure 4.14: DDC test: damage parameter, caused by eigenvalue for 3rd component 
of principal plastic strain increment, versus time, for a 2 mm/s welding speed. 
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Figure 4.15: DDC test: equivalent plastic strain increment versus temperature, for 
a 2 mm/s welding speed. 
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Figure 4.16: DDC test: eigenvectors for 1st component of principal strain at t 
18 s, from 0 to 6 mm from weld centre, for a 5 mm/s welding speed. 
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Figure 4.17: DDC test: damage parameter, caused by eigenvalue for 1st component 
of principal plastic strain increment, versus time, for a 5 mm/s welding speed. 
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Figure 4.18: DDC test: eigenvectors for 2nd component of principal strain at t 
18 s, from 0 to 6 mm from weld centre, for a 5 mm/s welding speed. 
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Figure 4.19: DDC test: damage parameter, caused by eigenvalue for 2nd component 
of principal plastic strain increment, versus time, for a 5 mm/s welding speed. 
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Figure 4.20: DDC test: eigenvectors for 3rd component of principal strain at t 
18 s, from 0 to 6 mm from weld centre, for a 5 mm/s welding speed. 
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Figure 4.21: DDC test: damage parameter, caused by eigenvalue for 3rd component 
of principal plastic strain increment, versus time, for a 5 mm/s welding speed. 
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Figure 4.22: DDC test: equivalent plastic strain increment versus temperature for 
5 mm/s welding speed. 



4.2 Solidification Cracking Test 

The CWM simulation of solidification cracking used the results of a single thermal 

analysis, because the welding parameters were constant. The CWM analysis of solid

ification cracking relied on applying a rate of displacement, referred to as cross-head 

speeds (CHS), at the opposite edges of the plate to nucleate solidification cracking. 

The CHS was applied once the weld heat source reached the midpoint of the desig

nated weld path, at 12.5 s from the start of welding. Consequently, a separate stress 

analysis is necessary for each different CHS that was applied. The likelihood of so

lidification cracking is determined by comparing the tensile strain increment in the 

susceptible region to the ductility curve. 

4.2.1 Temperature 

In the solidification cracking CWM model, the location of the virtual strain gauge is 

determined by the the thermal analysis. The strain increment is computed during the 

time the CHS is applied. The virtual strain gauge is located behind the heat source, 

where the temperature reaches the maximum of the solidification cracking susceptible 

temperature range, also known as the brittleness temperature range (BTR), which is 

a material specific property. However, an appropriate approximation for the BTR, 

shown in Table 4.2, is based on the limits of the ductility curve used [3]. 

The location of the virtual strain gauge is determined by computing the temper

ature along the weld path at the starting time of the applied CHS, which is shown in 

Figure 4.23. The position for the virtual stain gauge is on the centre-line and at 16.96 

mm, measured from the start of the weld path. The temperature profile over time 

at the location of the strain gauge is shown in Figure 4.24. The temperature limits 

of the BTR are shown in Figure 4.26 for the solidification cracking test. The maxi

mum temperature for the BTR is most commonly associated with the local liquidus 
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temperature. The values for the liquidus temperature may vary as local composition 

changes during the solidification process. The liquidus temperature happens to be 

the trailing edge of the weld pool. 

Table 4.2: BTR for Inconel 600 after Matsuda et al. [3]. 

Maximum 1655 K 

Minimum 1557 K 
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Figure 4.23: Solidification cracking test: temperature versus distance computed 
from the start to end of the weld path at t=12.5 s. 

4.2.2 Strain 

In the CWM simulation for solidification cracking, a virtual strain gauge to compute 

strain increment, transverse to the welding direction and in the direction of the applied 

cross-head speed (CHS), is positioned across the weld path on the top surface of the 

plate. The purpose is to determine the risk of solidification cracking at the specified 

location. The edges of plate are pulled at three different CHSs and the resulting 
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Figure 4.24: Solidification cracking test: temperature versus time computed on the 
top surface of the weld centre-line and at d = 16.96 mm from start of weld path. 
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Figure 4.25: Solidification cracking test: temperature field at t=12.5 s. 
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Figure 4.26: Solidification cracking test: detailed temperature field with isosurfaces 
for the solidus and liquidus temperature at t=12.5 s. 

localized strain is computed while the strain gauge is within the BTR. The movement 

of the weld pool relative to the strain gauge over time is shown in Figure 4.27. 

The effect of the three different CHSs on localized strain and strain rate is revealed 

in Figure 4.28. Figure 4.29, for the localized strain versus temperature, compares 

experimental values for critical strain rate and ductility curves, obtained from the 

literature [3], with values computed with CWM simulation. An intersection of the 

computed strain-temperature curve with the ductility curve indicates an increased 

risk of solidification crack nucleation. 

In addition, an algorithm, available in the VrWeld software [6], was used to iden

tify Gauss points susceptible to hot cracking in the CWM analysis. The algorithm 

evaluated susceptibility to hot cracking based on the plastic strain increment in the 

susceptible temperature range. This post-processor was used for the solidification 

cracking test with a 20 mm/s CHS. The Gauss points at risk of solidification crack 
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Figure 4.27: Solidification cracking test: temperature field with isosurfaces for 
solidus and liquidus temperature, at t= 12.5, 12.875 and 13.25 s. 

The strain gauge is between the two circular markers. 
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Figure 4.28: Solidification cracking test: strain versus time for different applied 
CHS. 
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nucleation are shown in Figure 4.30. The region likely to experience solidification 

cracking is shown to be behind the weld pool. This region is at temperatures within 

the BTR, during the time at which the CHS is applied. 

The magnitude of the plastic strain increment is used as an indicator of the relative 

risk of solidification cracking at each Gauss point. The post-processor has automated 

the tedious process of determining the risk of cracking at each Gauss point or node. 

However, the data for experimentally measured material resistance to the different 

types of hot cracking must be available in the software library for material properties. 
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Figure 4.30: Solidification cracking test: results from solidification cracking post
processor for an applied CHS of 20 mm/s. 



4.3 Discussion 

There are some differences between the results of the DDC test for the equivalent 

plastic strain increment versus temperature with respect to the results of Chen and 

Lu [1]. The point with the maximum tensile plastic strain increment was at 4 mm 

from the centre-line, rather than the 3 mm observed by Chen and Lu [1]. The most 

probable cause of these apparent discrepancies is the lack of detail in the Chen and 

Lu [1] paper. The locations, at which strain and temperature were recorded, were 

not clearly identified. In addition, the restraints applied to welded plate were not 

specified. The lack of values for arc efficiency and the size of the weld pool or heat 

source are also a concern. 

According to the results obtained from the DDC test, cracking is not likely to 

occur with either welding speed. However, with a welding speed of 2 mm/s, there is 

relatively higher risk of DDC nucleation at distance of 4 mm from the centre-line on 

the top surface of the plate. In addition, the results show that increasing the welding 

speed did reduce the likelihood of DDC nucleation, as observed by Chen and Lu in 

their work [1]. 

The effect of welding speed on the risk of hot cracking is explained by Chihoski's 

[12] work. Chihoski showed that 2014-T6 aluminum (Al) can be welded and crack-

free. 2014-T6 Al has been and until this day generally, but wrongfully, regarded as 

impossible to weld without hot cracking. Chihoski showed that, during the welding 

of a plate, a deformation pattern will appear. As a result, the area behind the 

weld pool is subject to a tensile strain from solidification and thermal shrinkage. 

The deformation pattern, hence the location of the tensile strain, is affected by the 

welding speed. Increasing the welding speed can increase the distance between the 

tensile strain and the weld pool. Moving the tensile strain beyond the susceptible 

temperature range greatly reduces the risk of hot cracking [12]. The effect of welding 



speed on hot crack susceptibility is better illustrated in Appendix C. 

In the solidification cracking test, as anticipated and apparent from the strain ver

sus temperature plots, increasing the applied CHS with the same welding parameters 

will increase susceptibility to cracking. According to the results of the computational 

analysis, an applied CHS of 0.2 and 0.1 mm/s does not cause solidification cracking 

during the welding of Inconel 600. A CHS of 2 mm/s caused solidification cracking 

with the lowest magnitude of strain, also referred to as minimum ductility, which is at 

1.2% strain and a temperature of 1645 K. Moreover, solidification cracking initiates 

at a strain of 2% with an applied CHS of 20 mm/s. 



Chapter 5 

Conclusion and Recommendations 

5.1 Summary 

This thesis has shown that computational weld mechanics (CWM) can be successfully 

used to estimate the risk of hot cracking in welding a structure. The methodology 

to use CWM to estimate the risk of hot crack nucleation is provided. The methodol

ogy is based on the transient localized values computed during the evolution of the 

temperature-stress-strain state. Once these values reach material specific thresholds, 

hot crack nucleation is likely to occur. Furthermore, a design driven CWM analy

sis can be used to assess and optimize the design of the weld procedure and welded 

structure, so that the risk of hot cracking is minimal. This thesis has also shown 

that altering the weld procedure can affect the risk of hot cracking. Subsequently, 

the main conclusion is that a CWM analysis can be used as a weld design tool in 

the early design stage. As a result, modifications can be made to a structure at the 

design stage, which are less time consuming and less costly than at any later stage of 

a project life cycle. 
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5.2 Conclusion 

The major tasks of the CWM analyses in this thesis were 

1. defining the domain 

2. meshing the domain 

3. optimizing weld procedure and boundary conditions 

4. post-processing and interpretation of the results 

In addition to this CWM analysis, three novel concepts were proposed. Firstly, 

principal tensile plastic strains were used to estimate damage that leads to hot crack 

nucleation. Secondly, an algorithm was used to identify the risk of hot cracking at 

all Gauss points in an entire domain. Thirdly, the material resistance to hot cracking 

obtained using constant temperature tensile tests was applied to welding using an 

equation inspired by Miner's rule, which yet remains a conjecture that will have to 

be tested by experiments to determine it's validity. 

In concept, the methods used to estimate the risk of solidification cracking and 

ductility dip cracking (DDC) are similar. A notable difference is that in the solid

ification test strain accumulation was measured during cooling only, as cracks that 

form before the heat source will be removed once melted. On the other hand, in the 

DDC test the strain increment was measured during heating and cooling only if the 

temperature did not exceed the DTR. At points where the temperature did exceed 

the DTR, the strain increment was measured during cooling only. 

5.3 Reducing Hot Cracking Risk 

In order to reduce the strain increment and strain rate, within the hot cracking sus

ceptible temperature ranges, below critical values, will reduce the risk of hot cracking. 



The fluctuations in the strain fields can be changed by altering the welding param

eters. For example, the tensile region that follows the heat source, can be reduced 

in size or shifted beyond a susceptible temperature range by varying welding speed, 

while maintaining constant power per unit length, reducing the risk of hot cracking. 

This approach is quite different from the overwhelming majority of researchers in the 

field who have focused on the effect of composition and the associated metallurgy, 

examples of which were presented at the International Hot Cracking Workshops con

vened to this day [41-43]. 

The requirement of a tensile strain for hot cracking to nucleate is in line with 

Matsuda et al.'s [21] observation that cracking would occur if the weld edge appeared 

to expand. In contrast, a crack would not occur if the weld edge appeared to contract. 

Matsuda et al. [21] also observed that the magnitude of deformation increases with a 

reduced rigidity of the weld joint. The reduced rigidity could be a result of decreasing 

the specimen thickness, increasing the specimen width or lower material hardness [21]. 

5.4 Recommendations and Future Work 

A few aspects that may affect the accuracy of the results obtained from the CWM 

analyses are discussed below. In the solidification test, the cross head speed (CHS) 

was applied at the edges of the plate in opposite directions. However, Matsuda et 

al. [2] applied the load with pins going through the plate and by fixing one end 

and moving the other. There are also two notches length wise at the beginning and 

ending of the weld path that were not included in the simulation. It is anticipated 

that simulating these conditions will not result in much difference in results, since 

the region, where the results were taken, is far from differences that may arise due to 

stress concentrations at the pins or the notches. 
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Describing the hot cracking propagation mechanism by solid state fracture me

chanics is not sufficient, because neither the properties of the material in solid-liquid 

state nor the mechanism observed experimentally are simulated [31]. The behaviour 

of the liquid phase, found in the mixed solid-liquid zone and the weld pool, is not ac

counted for in the simulation conducted in this research. This limitation is expected 

to affect results, specifically for solidification cracking and liquation cracking. The 

liquid phase may flow into cracks and repair them. 

A suggestion for future work would be coupling a microscopic analysis to the 

macroscopic constitutive equations used in the CWM analysis conducted here [11]. A 

microscopic analysis should take into account the composition gradient across grains. 

Composition varies as a result of solidification segregation and grain boundary segre

gation [17]. It is also suggested that the shape and flow of the liquid film on solidifying 

grains may also be part of the microscopic analysis. Finally, the relative motion of 

grains and the change in grain morphology should be considered in a microscopic 

analysis [11]. 

In the near future, it should be possible to determine the susceptibility of a mate

rial to the different types of hot cracking at the same time and for different applications 

at risk of hot cracking. However, the current obstacle to this is the lack of data for 

material resistance to the different types of hot cracking. The work of Matsuda et 

al. [3] provides the resistance to solidification cracking of several materials. It is likely 

that the Measurement by means of In-Situ Observation (MISO) technique, developed 

by Matsuda et al. [2], can be used to determine material resistance to DDC and 

liquation cracking. 



Appendix A 

Material Properties 

The material used in the CWM simulations conducted were Inconel 600 and Filler 

Metal 82 (FM82). With the exception of the yield stress, the mechanical and thermal 

properties available for the Inconel 600 was used for the FM82. 
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Figure A.l: Young's modulus versus temperature after VrSuite [6]. 
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A.0.2 Yield Stress 
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Figure A.2: Yield stress versus temperature for Inconel 600 after VrSuite [6]. 
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Figure A.3: Yield stress versus temperature for FM82 after Chen et al. [7]. 
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A.0.3 Viscosity 

Values for viscosity is exhibited during rate dependent plastic deformation is limited 

thus it is set as constant even though in reality it is likely to be temperature dependent. 

H = 1 x 109 

A.0.4 Thermal Conductivity 
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Figure A.4: Thermal conductivity versus temperature after VrSuite [6]. 

A.0.5 Composition 

The composition was not directly used in the CWM analysis but the ductility curve 

was obtained from the work of Matsuda et al. [4] for the a material with the compo

sition specified in Table A.l. 
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Table A.l: Composition by weight percentage of alloying elements added to the 
nickel-based Inconel 600 after Matsuda et al. [4]. 

Element Weight % 

Carbon (C) 0.003 

Silicon (Si) 0.28 

Manganese (Mn) 0.33 

Phosphorus (P) 0.005 

Sulfur (S) 0.002 

Chromium (Cr) 15.37 

Table A.2: Composition by weight percentage of alloying elements for FM82 after 
Collins et al. [5]. 

Element Weight % 

Carbon (C) 0.04 

Silicon (Si) 0.12 

Manganese (Mn) 2.86 

Phosphorus (P) 0.007 

Sulfur (S) 0.01 

Chromium (Cr) 20.1 

Iron (Fe) 1.18 

Sulfur (S) 0.01 

Copper (Cu) 0.09 

Titainium(Ti) 0.37 

Niobium + Tantalum 2.3 

(Nb + Ta) 

Lead (Pb) 0.004 

Cobalt (Co) 0.05 

Nickel (Ni) 72.75 



Appendix B 

Governing Equations 

The governing equations available to conduct welding simulation are heat and stress. 

B.l Thermal 

The heat equation is based on the conservation of energy principle. 

h + V • q 4- Qinput = 0 (B-l) 

q = —kVT 

dh = CpdT 

where h is enthalpy (J), k is the heat conduction coefficient (matrix) (W m"1 K-1), q 

is the surface flux (W m~2), Qinput is heat input rate (J s_1) and T is the temperature 

(K). 

Q = T)IV (B.2) 

where rj is arc efficiency, I is current (A) and V is voltage (V). 

71 



72 

B.2 Stress 

The equations used for stress relies on principles of conservation of momentum, the 

constitutive equation, and the relationship between strain and displacement. The 

constitutive equation relates stress to strain. VrWeld solves this partial differential 

equation for a visco-thermo-elasto-plastic stress-strain relationship. 

V-ct + 6 = 0 (B.3) 

a = De 

£  = (Vu + (Vu)T + {Vu)TVu) /2 (B.4) 

where b is body force (N m~3), e is Green-Lagrange strain tensor, p is density (Kg 

m~3), u is displacement (m) and D is elasticity or visco-elasto-plastic tensor (as a 

6x6 matrix) 



Appendix C 

Effect of Welding Speed on Hot Cracking 

Susceptibility 

In order to illustrate the effect of increasing welding speed on susceptibility to hot 

cracking, observing the temperature and stress fields over the entire domain is benefi

cial. Increasing welding speed has been shown to decrease the risk of hot cracking in 

the work of Chihoski [12]. This is explained by that the area behind the weld pool is 

subject to a tensile strain from solidification and thermal shrinkage. The deformation 

pattern, hence the location of the tensile strain, is affected by the welding speed. 

Increasing the welding speed can increase the distance between the tensile strain and 

the weld pool. Moving the tensile strain beyond the susceptible temperature range 

greatly reduces the risk of hot cracking [12]. 

The welding speed was increased from 2mm/s to 5mm/s with constant power per 

unit length. The dimensions of heat source were altered to keep the dimensions of weld 

pool and the maximum temperature approximately the same. The temperature and 

stress fields for each welding speed is shown when the heat source reaches the same 

location along the weld path. This is at a time of 40s with a 2mm/s welding speed 

and at 16s with a 5mm/s welding speed. Increasing the weld speed has increased the 

size of the region within the susceptible temperature range at any given time. The 
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region at temperatures within the range susceptible to DDC is significantly larger, as 

shown in Figures C.l and C.2. On the other hand, the increase in the size of region 

susceptible to solidification cracking is only slightly larger, as shown in Figures C.3 

and C.4. 

Increasing the welding speed has moved the tensile region further behind the 

weld pool where temperatures are lower. If the tensile stress region can be moved 

to temperatures outside of the BTR region, then hot cracking would be avoided. 

Moving the tensile stress region to lower temperatures is observed for both the stress 

transverse and longitudinal to the welding direction. Regarding the susceptibility to 

DDC, the increase in the size of the temperatures region susceptible to DDC (DTR) 

increases with welding speed as the the tensile region moves farther away from the 

weld pool. Increasing the welding speed may at first appear to have increased the 

likelihood of DDC. However, the susceptibility to DDC was reduced by decreasing the 

magnitude and rate of the strain increment on region in the susceptible temperature 

region. In the case of solidification cracking, increasing the welding speed, has moved 

the tensile region outside the susceptible temperature (BTR) region. Based on this 

observation, the risk of solidification cracking has been reduced. 
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Figure C.l: Welding speed test: temperature distribution and DTR iso-therms with 
a 2 mm/s welding speed, at t = 40 s. 
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Figure C.2: Welding speed test: temperature distribution and DTR iso-therms with 
a 5 mm/s welding speed, at t = 16 s. 
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Figure C.3: Welding speed test: temperature distribution and BTR iso-therms with 
a 2 mm/s welding speed, at t = 40 s. 
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Figure C.4: Welding speed test: temperature distribution and BTR iso-therms with 
a 5 mm/s welding speed, at t = 16 s. 
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Figure C.5: Welding speed test: stress XX (transverse to weld path) field with a 2 
mm/s welding speed, at t = 40 s. 
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Figure C.6: Welding speed test: stress ZZ (longitudinal to weld path) field with a 
2 mm/s welding speed, at t = 40 s. 
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Figure C.7: Welding speed test: stress XX (transverse to weld path) field with a 5 
mm/s welding speed, at t = 16 s. 
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Figure C.8: Welding speed test: stress ZZ (longitudinal to weld path) field with a 
5 mm/s welding speed, at t = 16 s. 



Appendix D 

Viscous Behaviour 

The most common engineering view is that a material behaves as a linear elastic 

material at stresses below the yield value but in fact, material does not follow this 

idealistic behaviour precisely. During the simulation of material response to an ap

plied stress/strain, limited plastic deformation that occurs below yield stress often 

can be ignored. Rate independent plasticity requires a yield stress function. Plastic 

deformation is considered to occur only when the stress state tries to go above the 

yield stress. The yield condition assumes that below the yield stress, deformation 

will be completely elastic [44]. A yield condition does not represent plastic defor

mation exhibited during creep or fatigue when plastic deformation occurs below the 

rate independent yield stress [44]. The yield condition is applied in the simulation of 

welding conducted in this thesis, since the time frame is limited for this application. 

D.l Yield 

In rate dependent plasticity, viscous behaviour is also exhibited when stress exceeds 

the yield surface. An applied stress greater than the yield value results in a distinct 

change of material behaviour. Yield stress is perceived as the value beyond which 

deformation is rate-dependent and non-recoverable [45]. The stress level relaxes to 
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the yield surface with time, when a material is subject to stress beyond the yield 

surface. In rate dependent plasticity, the measurement for the relaxation rate, can be 

related to the viscosity [19, p. 51-52]. Rate dependent plasticity and creep are two 

different phenomena. 

D.2 Creep 

Plastic deformation can occur once a stress, even if it is lower than the yield value, 

is applied to a material over time. This phenomena, called creep, reveals that the 

rate of plastic deformation depends on material creep properties, stress and time. 

Materials' resistance to rate dependent plastic deformation is quantified by a viscos

ity, /i, as shown in Equation D.l. The value for viscosity is material specific and 

dependent on temperature, history and strain rate. The underlying physics behind 

viscous behaviour is not yet fully understood in detail, as a result, macroscopic viscous 

behaviour is best represented by analytical models. 

a = f ie (D-l) 

A variation of the Norton-Bailey creep power law, shown in equation D.2, can 

be used to relate creep strain rate to stress, time and material creep properties [46, 

p. 271]. The creep power law is valid only for primary and secondary creep [47]. 

Even though the creep power law does not have an explicit term for temperature, 

the material's creep parameters, A, n and m, are temperature dependent. These 

properties can be obtained by performing multiple creep tests, e.g., the uniaxial creep 

test. This should be followed by converting the equation into a logarithmic form, as 

shown in Equation D.3 and conducting multiple regression analyses [48]. 

^creep = Aantm (D.2) 
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log(£creep) = log(A) -I- n • log(a) + m • log(t) (D-3) 

An expression for the viscosity exhibited can be determined by rearranging Equa

tion D.2. The expression for viscosity, shown in equation D.4, is a function of the 

creep material, properties, stress and time. 

gcreep = 

1 
a = 

Aan~Hm 

H  =  — — ( D . 4 )  
Aan 'Hm K '  

Many analytical representations for viscous deformation have been published. The 

accuracy of individual models depends on the material and application. A model 

developed by Anand [49] appears the most suitable to the elevated temperatures 

expected during welding, since the model was created for hot working of metals. Hot 

working could entail temperature between 0.5 and 0.9 of absolute melting temperature 

and strain rate between 10~4 and 103 s-1 [50, p. 95]. This range is expected to 

encompass strain rates encountered during welding. 

Anand [49] observed that plastic deformation occurs, without a definite yield sur

face, at constant strain rate and temperature. The absence of a yield condition would 

mean that plastic strain occurs with any magnitude of stress [51]. A model for rate 

dependent plasticity requires a quasi static 'yield surface' and at least three consti

tutive equations. Anand identified that the steady flow stress, r, can be determined 

by the Zener-Holloman parameter. Using equation D.5 the steady flow stress at high 

temperatures can be determined from moderate strain rates. 
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r = r0sinh -l [©' (D.5) 

where r0, r0 and m are constants. 

In order to allow the steady state relation to be applied to unsteady conditions 

for isotropic material in multiple dimensions the assumption shown in equation D.6 

is made. 

r(y/T2 ,T,  s i n k  ( \  fflJ (D.6) 

which is the same as: 

i = AeRT [sinh(£er)]r (D.7) 

where k is the Boltzmann constant (m2 kg s~2 K-1), Q is the material specific ac

tivation energy for the deformation mechanism (J), which is close to the value for 

self-diffusion, T is absolute temperature (K) and £ is work hardening rate. 

k is determined from equation D.8. 

k = f(|s| ,T,k) = hQ 1 - ?  
K 

a—1 

G_ 
ekT 

( i - ? ) r  (VT2, t ,k)  (D.8) 

, h0 and kq are constants and k is constant for where a > 1 and k = kq 

fixed temperature and strain rate. 

Therefore k saturates at fixed value k, where « = 0 and \fJ^ takes on saturation 

values, as determined by previous equations for T(\/J^, T, n). k in this model may 

be increasing or decreasing because k may change with changing temperature and 

strain rate, thus changing the sign of the right hand side of Equation D.8 strain rate 

variation with imposed stress. 
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A microscopic view is needed in order to understand the viscous behaviour exhib

ited in more detail. On a micro scale elastic deformation only allows the stretching of 

the bonds between atoms/molecules in a crystal lattice, which from the perspective of 

thermodynamics, is reversible. In contrast, plastic deformation, from the perspective 

of thermodynamics, is irreversible. Plastic behaviour is characterized by the changing 

relation between neighbouring atoms/molecules in a crystal lattice atoms/molecules 

change neighbouring partners as a dislocation moves or with grain boundary sliding. 

Dislocation movement/sliding takes place by two mechanisms, both of which are 

temperature dependent. The two relevant mechanisms are dislocation creep and diffu-

sional creep, both of which are affected by temperature. The velocity of a dislocation 

is directly proportional to local stress, which must exceed the Peierls stress. It is 

the stress necessary for a dislocation to overcome the energy barrier that prevents 

sliding. On the other hand, with diffusion creep, the increasing vibration of the 

lattice aids dislocation in overcoming the energy barrier when the local stress is insuf

ficient. Short segments of the dislocation slide over the barrier and grow in opposite 

direction until the dislocation has shifted. According to temperature and local stress 

either of the two competing mechanisms becomes the driving force for dislocation 

movement [52, p. 22]. 

Equation D.7 is the functional form for the flow equation of the Anand model [49]. 

The hyperbolic sine function in Equation D.7 is expressed as Taylor series, seen in 

Equation D.9. In addition, temperature dependence is incorporated by the Arrhenius 

term, e, which is the formula for the temperature dependence of a reaction rate [52, 

p. 22]. 

sinh(x) « x 4- — + — -I-... 
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. . . .  i  i  x 2  x * \ 
sinh(x) a: (  1  -h -f-  — -f- . . .  1 (D.9) 

A - -2-e — Ae i t  !S£, (' 3! 5! 

A --2-£ = Ae rt  f ( 1  +  ¥  +  ¥ + - )  _m — 1 _ <7 cr (D.10) 

Ae~& [e ( l  + + &£• + - ) ]m a  m— 1 

(D.ll) 
3! 5! 

where £ is plastic strain rate, A is pre-exponential factor (material specific), m is 

strain rate sensitivity (material specific), £ is multiplier of stress (material specific), 

R is gas constant (J K""1 mol -1). 
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