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Abstract 

Various metallurgical microstructures and their formation are studied in this thesis by using 

a laser beam to melt a variety of materials with different chemical compositions over a range 

of thermal cycles. The laser beam was used conventionally in a narrow gap multi-layer laser 

weld, used for welding large depths with filler wire additions, as well as a non-traditional 

simulated welding approach labelled here as the Snapshot method.  

In laser beam welding, materials go through rapid heating and cooling cycles that are difficult 

to mimic by other techniques. During fusion processing, i.e. welding, any microstructural 

development depends on complex combinations of chemistry and thermal cycles but is also 

influenced by melt flow behavior. In turn, microstructural morphologies influence the 

mechanical behavior which can suffer due to inappropriate microstructural constituents. The 

Snapshot method, through control of thermal cycling and material composition, can achieve 

comparable rates to laser beam welding while guiding microstructural development to form 

tailored properties. 

The tunable laser beam properties can be exploited to develop an experimental welding 

simulation, which enables the complex interlinked chemical and thermal events which take 

place during welding to be studied in a controlled manner. Exploring the microstructural 

relationships to their thermal history provides a greater knowledge into tailoring 

microstructural compositions to obtain various required mechanical properties for e.g laser 

welding and additive manufacturing, but also non-laser welding techniques. 

The feasibility of the innovative Snapshot method is investigated in the three appended 

journal publications. High speed imaging and thermal recording have proved to be essential 

tools in this work, with analysis from optical microscopy and EDX/EDS to provide 

additional support. The Snapshot method is introduced as a concept in Papers I and II, 

demonstrating successfully guided thermal histories after obtaining molten material. 

Application of a second and third heating cycle, reheating the structure without melting, 

yielded altered microstructures. Reaching the austenitisation temperature range allowed for 

the simulation of complex multi-layer welding thermal histories. Various kinds of particle 

additions, with different shapes, are utilized in Paper III, which investigated the formation 

of microstructures through the chemical composition route. New chemical compositions 

were studied by different degrees of dilution of the weld filler wire by the base material. 
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Introduction 

1. Organization of the thesis 

The Introduction is divided into seven sections, containing a content overview of the 

research work. The research motivation is described in Section 2. It devolves the 

knowledge gap found in the field of various techniques of laser welding of high strength 

steels (HSS), which allowed the presented research to be conducted with the potential 

industrial applications explored. Section 3 describes the overall methodology used to 

conduct this research, the methodology throughout the three papers, with Section 4 

outlining the technological and scientific background. The abstracts and conclusions of 

the three papers are given in Section 5 with the general conclusions of the thesis 

provided in Section 6. Future outlooks of the research are explored in Section 7. The 

connections between the three papers are delved into in Section 2, 3, and 6.  

The fundamental concepts of Paper I, II, and III (found in the Annex) are presented in 

Table 1. The topics of the three papers, and the main research, cover the thermal 

processing and chemical phenomenon that are responsible for microstructural formation 

during laser processing. Thermal measurements, taken by a multitude of instruments, 

with optical microscopy are the primary observational tools. High speed imaging (HSI) 

is used as a secondary tool for process monitoring, with an altered method used for 

thermal filming. 

Table 1: Thematic profile of the three papers in the thesis.  
 denotes a main theme while  denotes a partial theme 

 Paper I Paper II Paper III 

Snapshot method   

LAHW & NGMLW   

Thermal measurements   

Mathematical modeling   

Analysis of temperature effects   

Chemical analysis   

Microstructure analysis   

NMI analysis   

 

Organization of the Introduction section 

The purpose of this Introduction is to present the common “red thread” that links 

the three appended papers and to introduce the current knowledge of the thematic 

fields to novices. The following chapters are found in the Introduction: 
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• Organization of the thesis [Chapter 1], the current chapter, with an overview and 

review of the scientific papers, the explanation of the thesis organization, and 

the additional relevant publications. 

• Research motivation [Chapter 2], which explains the motivation that drove the 

research, holistically and linked to each paper. 

• Methodological approach [Chapter 3], that describes the overall methodology of 

the research that is made up of three different papers. 

• Technological background [Chapter 4] 

o Intro to the LASER 

o Welding techniques 

o Mechanical properties 

o Microstructures 

o Thermal measurements 

o The Snapshot method 

o Dilution 

• Summaries of Papers I-III via their abstracts and conclusions [Chapter 5] 

• General conclusions [Chapter 6] of the thesis, linked to the papers  

• Future work [Chapter 7] suggested as perspective research topics 

• References [Chapter 8] 

Description of the papers in the thesis 

Paper I centers around laser power output adjustability over time to generate 

various temporal laser pulse shapes, while introducing the “Snapshot method”, 

allowing for microstructural evaluation developing from melt at different cooling 

rates. The cooling rates were measured with various techniques and 

metallographic studies were conducted. The processed steel was analyzed for 

acicular ferrite potential by counting and categorizing the non-metallic inclusions. 

Paper II develops thermal processing using the Snapshot method by adding 

subsequent heating passes on the initially processed material. New imaging 

techniques were utilized, including the remote temperature measuring device 

called the Dualscope. Laser pulse shapes were identified to produce linear cooling. 

The final paper, Paper III, broadens further the use of the Snapshot method from 

processing of small batch welding consumable and controlled thermal cycling to 

processing small batches of mixed materials for dilution studies. Paper III explores 

an alternate method from which microstructures form, chemistry, and 

consequently allows for the study of the microstructures that can be found in 

critical areas of weld joints in conjunction with previous studies on thermal 

controllability.   
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2. Research motivation 

Manufacturing is increasingly dominated by laser based processing due to the robustness 

of the laser beam as a tool for: forming, bending, cutting, and fusing. Performance, in 

the sense of mechanical properties, of structures and components represents a significant 

portion of the motivation to move from established processing techniques to 

contemporary ones. Industry constantly develops new materials that provide better 

mechanical properties that also leads to new challenges when processing them, e.g. 

production of higher grades of HSS through altered chemical compositions to improve 

strength while reducing sheet thickness. With the rise of laser materials processing in 

industry, particular issues arise due to the rapid processing rates, leading to the need to 

evaluate the current limitations of materials on performance (in the sense of their 

mechanical properties) and the quality of the produced joint. 

Challenges in joining high grade steels is generally due to the chemical composition and 

the still relatively large thicknesses. Space accommodations between the steel sheets are 

needed for the welding equipment, which take additional resources to machine, that 

then need to be filled by welding consumables. Additional caution is needed to prevent 

root dropout (root humping) or other surface imperfections on the underside of the 

weld. To weld these thicknesses in a single pass with traditional methods requires 

tremendous amounts of heat, often with pre- and post- heat treatment. Heat 

distributions throughout the depth of the weld cause non-uniform conditions that can 

lead to considerable risks of defects such as cracking, lack of fusion, and pores resulting 

from the selected joining processes. Utilizing multiple welding techniques within the 

same processing zone is one method used to minimize the risks of welding imperfections. 

The combination of gas metal arc welding (GMAW) with laser beam welding (LBW) 

into the same processing zone is known as laser-arc hybrid welding (LAHW), which 

increases gap joinability, the depth of welding, and the traveling speed of welding. 

Welding consumable additions to the gaps of autonomous LBW are used to bridge gaps 

between sheet edges so that thinning can be avoided. Examples of wire based additions 

include cold wire laser assisted welding, hot wire laser assisted welding, and narrow gap 

multi-layer laser welding (NGMLW). These methods supply welding consumables to 

the joint, providing the material needed to span the distance between the sheets instead 

of having an underfilled joint with minimal material forming a bond. 

Sheet or coupon thickness reduction is very important for HSS like S960QL and pipeline 

steels that are used to build large structures. These steels are often found in extreme, low 

temperature environments. The industry driven research project OptoSteel was 

formulated to evaluate toughness of four steel types (S960QL, S110QL, X80, and X100) 

in conditions similar to those found in the Arctic, with the lowest temperatures 

exceeding -80ºC. The implications from the research could impact industries for heavy 
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steel constructions, pipelines, nuclear vessels, as well as small and medium sized 

enterprises (SMEs). OptoSteel looked both at the welding technique employed to join 

the coupons as well as suitable filler wire consumable chemistry (which may not exist 

commercially for higher grades of steel), for their effects on the microstructure and thus 

mechanical properties. The consortium included a wire maker, Lincoln Electric Europe, 

steel makers Salzgitter and ThyssenKrupp, and an industrial vessel manufacturer ENSA. 

The thermal impacts from the welding techniques studied in OptoSteel was synergetic 

with NorFaST-HT (Nordic community for Fast Steel Heat Treatments) in that control 

over the microstructure is an effective way to tailor physical and mechanical properties 

due to their dependence on grain size. 

For heavy steel constructions, where grades of steel like S960QL are used, LAHW 

processes are faster and completed with less total welds for the same sheet thickness (12 

mm used here) than traditional GMAW. This is an important issue when working with 

HSS of 30 mm thick, as each pass costs money and time (before considering filler 

material costs, which can be costly depending on the chemical composition). Methods 

to test the feasibility of a new filler material composition requires extensive work to 

generate the sample, traditionally through the formation of a bead on plate (BoP) weld 

that can be characterized for a number of different properties. This, however, generates 

a lot of waste from the over consumption of resources and leaves a desire for a more 

material conservative testing method. 

The need for a more rapid and material conservative testing method lead to the 

development of the “Snapshot method” proposed in the first appended paper and 

extended in the latter two. The Snapshot method allows for small batch testing of new 

material chemistries, in a stationary manner, reducing a complex material additive 

welding technique to a thermal processing of a pre-placed material. Controlled 

parameters from the laser: time of irradiation, beam shape, work distance and power 

output (the combination of the beam spot size and the power output is known as the 

power density), continuous irradiation or pulsed irradiation, all influence the thermal 

field generated from the absorbed laser beam output. This unique thermal process cycle 

generates a distinctive thermal history in the material. Creating and manipulating a 

thermal history influences the microstructural evolution of the material. Limiting 

working variables to a stationary method allowed for a systematic evaluation of the effects 

from temporal laser beam pulse shaping, which is controlled through irradiation time 

and laser power modulation. After thermal controllability was demonstrated, the process 

was then further expanded to observe the chemical influence of microstructural 

formation. The Snapshot method addresses two manners through which microstructures 

can form: thermally and chemically.  
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3. Methodological approach 

The primary approach to study microstructural effects on mechanical properties focused 

on the use of multiple thermal cycles to control types of microstructural constituents and 

quantities. The microstructures influence mechanical properties and are in turn 

developed through the thermal cycle, the unique thermal history, and the chemical 

composition of the material. In this endeavor, a simple experimental welding simulation 

was developed, termed the Snapshot method, that reduced the complex wire-addition 

welding process into a stationary laser processing method.  

Due to the complexity of interacting parameters that occur in wire additive welding 

processes (i.e. GMAW, NGMLW), including but not limited to: laser light absorptivity, 

surface tensions relating to wetting, differing melting points, arc plasma, melt pool flows, 

etc., a simplified model was needed to isolate key process mechanisms affecting 

microstructural development. Pre-placing of the material reduced the challenges that 

arise from misalignment, eliminated the risk of arcing (a risk for hot wire processing) 

when not desired, and allows for the conduction of the experiments with only the use 

of the laser beam if necessary. Additionally, for new filler wire chemistries, there may be 

a lack of a suitable synergy curve in the MIG/MAG wire feeder. Unsuitable synergy 

curves lead to the use of non-optimized welding conditions. A laser beam, on the other 

hand, can be tuned to process most materials and controlled in a manner that the pulse 

is shaped in time to influence the heat input. Control of the heat input and, in specific 

cases, the guiding of temperatures influences the microstructural formation. The 

influence of microstructures on mechanical properties is well studied, with the 

mechanical properties determining where materials can be used through the initialization 

of industrial standards. 

The complexity of microstructural formations lead to the formation of the following 

research questions: 

1. Could a method be demonstrated through laser beam controlled cooling rates to 

produce a favorable microstructural composition for high toughness from the 

molten state? 

2. Would additional complex thermal cycling enhance microstructural composition 

through the reduction of the quantities of undesired “fresh” martensite and 

increasing the amount of acicular ferrite?  

3. In multi-material fusion, can the differentiation between the dominating 

mechanism, regarding chemical composition and thermal influence, be identified 

for their effects on microstructural composition? As both chemistry and thermal 

cycling influence the microstructural evolution, can microstructural compositions 

in different areas of the welded joint be predicted from both the thermal cycle 

and dilution level? 
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These questions in turn lead to the studies that resulting in the appended scientific journal 

manuscripts. The thematic topics, reference Table 1, are utilized in a manner to obtain 

knowledge in understanding the observed scientific results. 

Heat transfer, with the focus on material temperature control by temporal laser pulse 

shaping was studied in all three papers, being the main focus in Paper I and secondary 

topics in Paper II and Paper III.  

Paper I looked into the technique of laser pulse shaping and its effects on the temperature 

of the process, which was measure through thermocouples and a pyrometer. The data 

extracted from these experiments was compared to a simplified numerical model that 

evaluated temperature in depth. Comparison of the measured cooling rates with those 

expected were used to determine the expected microstructures and those obtained from 

the Snapshot method. The welding simulation was developed further to include more 

complex pulse shapes, added systematically in series, with extended periods of cooling 

to simulate multi-layered techniques, as described in Paper II. For the experiments 

conducted in Paper II, a new optical temperature measuring device, the Dualscope, was 

utilized. 

Paper III progresses further, along similar lines of Paper I and Paper II, with the inclusion 

of dilution effects that are experienced in fusion techniques, while isolating other effects 

like diffusion seen in multi-layered techniques. As with Papers I and II, the chemical 

composition of the weld material also impacts the microstructure of the welded joint, 

and is the main topic of Paper III. From the controlled thermal cycles explored in Paper 

I and Paper II, material additions were processed in a confined area, a cavity, and thus 

formed a systematic method to test multiple chemical compositions that arise from 

mixing different materials. These experiments were also filmed by the Dualscope and an 

RGB camera to determine thermal histories experienced during the welding process, 

and are used as supplemental data. 
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4. Technological background 

Presented in this section of the thesis will be a background to the laser beam as a tool for 

industry, the industrial field for which the research is applied, and the state of the art 

regarding the process, materials and the methods used during the research. 

4.1 Light Amplification by Stimulated Emission of Radiation 

Laser light is produced by the supplying of energy via pumping, to the lasing medium 

of a given laser device, which creates a population inversion of electrons in the lasing 

medium. Population inversion is obtained when more excited electrons exist than there 

are ground state electrons in the medium. When active lasing occurs, photons are 

introduced to excited electrons, which when they interact release the energy difference 

between the excited and ground state in the form of a second photon of identical 

properties to the first interacting photon. The additionally produced photons trigger 

other excited electrons of the medium to return to the ground state, creating a cascade 

of relaxation of the electrons. The continued application of the pump returns the 

electrons to their excited state while semi-reflective mirrors placed at the ends of the 

lasing medium allow the photons to be reflected back through the lasing medium or to 

have a specific portion released through one semi-reflective mirror, as the laser beam. 

Since the photons all have the same characteristics, the same wavelength, the same 

direction, and the same phase, the collective photons are an amplification of the first 

photon. Hence the acronym LASER, Light Amplification by Stimulated Emission of 

Radiation, with the emission principles first described by Albert Einstein in his 1917 

paper “On the quantum theory of radiation” [1]. 

A large variety of lasers exist with different wavelengths based on the types of lasing 

mediums used (gas lasers, solid-state lasers, semiconductor lasers, etc), and further 

differentiation for the solid-state lasers based on the shape of the lasing medium as well 

(disc, slab, and fiber) [2]. The type of laser used for a process is determined by first the 

power, the wavelength that is best absorbed by the material being processed, and the 

quality of the beam necessary to perform the operation. These are important to consider 

in respect for the energy density provided by the laser beam, the property that determines 

the mode of fusion during laser beam welding, discussed in the next chapter. 

The laser device extracts a laser beam, either free-running or through an optical fiber. 

The free-running laser beams can be collected into a feeding fiber. The fiber can then 

be mounted and used for processing. As the laser beam leaves the fiber, the light diverges 

and generates a non-favorable condition. Diverging beams can become parallel through 

a collimator lens. Any parallel beams can then be focused to a small spot by a focusing 

lens, as shown for a free-running laser beam in Fig. 1. 
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Figure 1: Schematic of a free-running laser device and its propagating beam, focused by a lens [3]. 

Depending on the types of optics used, the laser beam can be tailored into a very small 

diameter spot sized, but the compromise is a shorter depth-of-focus, or Rayleigh-length. 

The beam spot can be resized to be quite large, though with a loss of power density. 

The power density determines the type of welding mode that is conducted by the laser 

beam. 

4.2 Welding techniques 

Fusion of metal sheets can be accomplished through many welding techniques, with 

traditional examples of arc welding, submerged arc welding (SAW), metal inert gas 

(MIG), metal active gas (MAG), tungsten inert gas (TIG), among others. Newer welding 

methods include LBW, LAHW, electron beam welding (EBW), and laser assisted wire 

welding exemplified by NGMLW in the presented research. Each welding method has 

a unique welding profile and certain advantages. When filler material is used, larger gaps 

can be bridged as seen in Fig. 2.  

 
Figure 2: a) typical butt-joint edge preparations for SAW, LAHW, and NGMLW (left to 

right) with b) welded joints. Adapted from [4]. 

Without the addition of filler material, as is the case with LBW and EBM, the gap 

between sheets in a butt-joint configuration must have a “zero-gap” where the sheets 

are flush. Minimal gaps can be tolerated, though this is highly dependent on the spot 

size of the beam and the sheet thickness. Evaluated further in the following subchapters 

is a description into the main welding techniques used to complete this research study. 
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4.2.1 Laser Beam Welding 

When considering LBW, there are two methods based on the heat flow into the material, 

determined by the power density applied to the work surface: conduction welding and 

keyhole welding, depicted in Fig. 3. In the former, a low power density is utilized to 

distribute heat to the substrate in a wide and shallow manner. Keyhole welding on the 

other hand, is a high power density operation where the heat input is narrow and deep, 

being achieved with power densities of 106 W/cm2. [5,6] 

 
Figure 3: Welding mode schematics; a) laser beam, b) melt pool, c) solidification zone, d) base 

material, e) vapor, f) gas and plasma tunnel [keyhole] with multiple reflections. 

Through the application of more energy to a smaller area, the laser beam is able to 

vaporize the substrate, generating an ablation pressure that opens up a cavity in the center 

of the laser spot. This allows the laser beam to penetrate further into the substrate by 

reflecting multiple times off the walls of the generated keyhole, Fig. 3f. [7] This affects 

the size and shape of the heat affected zone (HAZ) as well, where the general conduction 

mode HAZ is shown in Fig. 4 and the same regions would be found in the deep 

penetration keyhole weld, but in the shape of a nail (wide at the top and narrow at the 

bottom). 
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Figure 4: Regions of the weld joint including the HAZ with approximates of the maximum 

temperature, with A at 1580ºC (the melting temperature of iron) and B below 600ºC. Figure 

adapted from [8]. 

Figure 4 shows the weld with six main components, with the bulk of the heat affected 

zone described by four regions: the coarse grain HAZ (CGHAZ, grain growth zone), 

the fine grained HAZ (FGHAZ, recrystallized zone), the intercritical HAZ (ICHAZ, 

the partially transformed zone), and the sub-critical HAZ (SCHAZ, tempered zone). 

Grain growth occurs between 1450-1100ºC and recrystallization from 1100ºC to A3. [8] 

Partial transformation occurs between the A3 and the A1 temperatures, both of which 

are material dependent.  

4.2.2 Laser-Arc Hybrid Welding 

LAHW is a technique that was first published in 1978, describing the combination of 

traditional arc welding with high power laser to create a hybrid welding technique [9]. 

When the two welding methods are joined into a single processing zone, Fig. 5, the 

benefits from the combined process reduce the negative impacts of either method on its 

own. 

 
Figure 5: Schematic of the LAHW-process with middle: laser beam, 2: arc torch, 5: illumination 

laser, 6: high speed imaging camera [10]. 
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As laser welding technology progresses, LAHW is being considered for more applications 

due to the possibility to automatize and greater efficiency with repeatable quality welds. 

In consideration to the industry, it is applicable to narrow the scope of the field to 

medium thickness to large thicknesses, 14 mm to greater than 25 mm.  

Historically, laser welding has been used for small or no gap welds of minimal thickness, 

though it saw increase in penetration depths from 10 mm in 2008 to 20 mm in 2009 

[11] in single passes as laser technology provided higher powered lasers, with orbital 

welds emerging in 2000 using electron beams, CO2 lasers, and Nd:YAG lasers. To obtain 

larger depths as seen with the thick walled pipelines, it is required to preheat to facilitate 

the laser welding process and increase penetration. This process step can be reduced or 

removed by arc addition. One experiment that combined a CO2 laser with MIG arc 

welding was able to stabilize and obtain a 30 mm single pass join. [12]  

High power disk lasers, 10 kW and 16 kW, can penetrate depths up to 70 mm in Type 

304 stainless steel in low pressure systems, which are unrealistic for industrial applications. 

Thus techniques to increase the depth of conventional laser welding or multi-passes are 

required. 22 mm plates were welded by a CO2-MIG hybrid welding system in 2003. 

The year 2008 saw a YAG laser –GMAW hybrid method that in six passes completed a 

weld to join 41 mm thick plates. [13] As of 2010, due to the cost effectiveness of using 

lasers with maximum outputs of 10 kW, 16 mm thick walls welded in a single pass 

technique are unfeasible, thus the modern lasers have been underutilized [14]. 

4.2.3 Narrow Gap Multi-Layer Laser Welding 

With thicknesses ranging from 12 mm to 30 mm (in the research project), it is 

challenging to create a weld void of imperfections in a single pass, thus a NGMLW 

process is an intriguing alternative. The NGMLW does not require a wide gap, and 

allows a wire additive welding process to provide welding consumables to the gap 

difference. This process is depicted in Fig. 6. 

 
Figure 6: NGMLW via hot wire addition, adapted from [15], with the transversal schematic 

view in a) and the gap preparation in b). 

Multiple layers create a more uniform microstructure in each layer, some heat treatment 

will occur in previous layers, while reducing the residual stresses created during 
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solidification and hence cracking.  A potential downside with a multi-layer process is 

that every layer is a weld that could suffer from issues similarly to other single pass welds, 

such as: voids, porosity, lack of fusion, heat cracking, solidification cracking, humping, 

lack of melting among others [7]. 

4.3 Mechanical properties 

All materials have basic mechanical properties that include hardness, strength, toughness, 

brittleness, malleability, ductility and fatigue. Depending on the properties that the 

material has, they make the material more suitable in some applications, but not all. 

There are also strict regulations that determine the minimum standard that selected 

materials must comply by to be utilized. For example, applicable to this research, is the 

strict standards around steels and their use in off-shore oil rigs where the highest grades 

of mooring chain require tensile strengths of at least 860 MPa [16,17].  

The basis of the research presented in this thesis was related to work in order to increase 

the toughness of HSS and pipeline steels that are used for heavy constructions. 

Toughness, defined by material scientists, is the ability of a material to absorb energy and 

plastically (permanently) deform without fracturing. Toughness has a trade-off with 

strength and ductility [18,19], with a common graph showing the relationship between 

them is seen in Fig. 7.  

 
Figure 7: Depiction of the relation between toughness and tensile strength. 

There are many ways that the toughness of steel can be altered, though the most simple 

and simultaneously the most complex is by changing the microstructural constituents. 

The mechanical properties of metals are determined by their microstructures, i.e. the 

crystal structure, size and quantities of defects like dislocations. The microstructures are 

in turn governed by the chemical composition of the steel and the thermal cycle it 

undergoes; changing either causes alterations of the mechanical properties. 
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The main focus of the research has been to approach increasing toughness through the 

thermal control of a single chemistry to alter the microstructural composition, though 

in the later steps of the research, dilution as a form of chemical composition change is 

addressed. Dilution is discussed in more detail in Section 4.7 Dilution. After the 

formation of the desired microstructure, the resulting welds need to be tested at 

environmental conditions, e.g. -60ºC, a key temperature for the project OptoSteel. 

Toughness is often measured by the destructive testing methods of Charpy V-notch 

(CVN) testing or Crack Tip Opening Displacement (CTOD) shown in Fig. 8.  

 

Figure 8: Schematic of two mechanical testing methods: the 3-point bending CTOD-testing (left) 

[20] and the CVN testing (right) [21]. 

Conventional CVN is a quick testing method though qualitative data is lacking. CTOD 

testing on the other hand provides more information, but are ultimately too costly to 

perform on a large number of samples. Both tests are needed to test the weld quality. 

Non-destructive methods are being developed by relating the microstructural 

compositions to the measured destructive testing [22,23]. 

4.4 Microstructures 

The last underlying theme of the research for this thesis is that of microstructures. To 

repeat, microstructures are responsible for the mechanical properties of materials under 

load. Metals such as steel have a wide range of properties, from very strong and rigid, to 

tough and ductile. Thus, for each application, the loads that will be experienced by the 

component needs to be evaluated to optimize the joining process so that sufficient 

mechanical properties meet stringent requirements (the standards are at a minimum 

maintained) [24]. As previously discussed, the microstructures come about in two 

methods, with the primary focus of the research focusing on the thermal process in all 

three papers, Papers I-III, while the chemical influenced is studied in Paper III.  

For a given steel composition, the rate of cooling determines the microstructural 

composition and is often depicted in the form of a continuous cooling transformation 

(CCT) diagram or a time-temperature transformation (TTT) diagram. TTT diagrams 

are used for isothermal transformations, with holding temperatures until the 
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transformation is complete, while CCT diagrams are used for continuous or varied 

cooling rates with no holding temperatures. Figure 9 shows a CCT for a general steel, 

where the microstructural composition can be determined through the achieved 

constant cooling rate. 

 
Figure 9: CCT diagram of a generic steel adapted from [25] 

It is not possible to tell the grain size of the microstructures when observing Fig. 9, but 

it gives an indication of what to expect in terms of microstructural constituents. 

Additionally, the microstructures presented here do not include all of the other possible 

morphologies within a microstructural type (i.e. allotriomorphic ferrite versus grain 

boundary ferrite). For each steel composition, a new CCT diagram can be drawn 

observing specific volume changes via dilatometric methods and metallographic testing. 

Generally, microstructures that are fine-grained in nature are desired for high strength as 

it creates a large interface between the grains, increasing the path length a critical crack 

would need to cause failure, a property referred to as crack retardation. This property 

was described by Hall-Petch, noting that when the crystal size decreased, dislocations 

were bound at the grain borders. Stresses were built inside the grain and its neighbor, 

but when sufficient stress was built up, the adjacent grain could be influenced to activate 

its own dislocation sources, positively influencing the yield strength. [26] Simply, a 

smaller repulsion stress is observed on a dislocation (at the grain boundary) for smaller 

grains, meaning the applied stress must be increased to propagate dislocations. The Hall-
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Petch equations are commonly used in material science, even though they are not 

perfectly understood. The classic Hall-Petch, Eqn. 1 is given as: 

𝜎𝑦 = 𝜎0 +
𝑘𝑦

√𝑑
      (1) 

Where the yield stress (𝜎𝑦) is a given as the sum of a dislocation movement material 

constant (𝜎0) and the strengthening coefficient (𝑘𝑦) over the square-root of the average 

grain size diameter ( 𝑑 ) [26,27]. The most common fine grained microstructure, 

particularly with the fast cooling rates obtained by laser processing, is martensite, but also 
includes bainites and some ferrite types. These are described in more detail in the 

following subchapters. 

4.4.1 Martensite 

With the presence of carbon in steel, hard microstructures such as martensite are able to 

form when the steel is rapidly quenched such that the martensitic start temperature Ms 

is reached. Martensite is a lath or plate structured grain that is formed by diffusion-less 

transformation in a quenching process that captures carbon to prevent the formation of 

cementite. These fine, nearly parallel laths and/or platelets can form into packets  [28–

30], whose size then determines the mechanical properties [31]. The formation of the 

packets (into morphological grains) leads to a brittleness of the microstructure, where 

martensite becomes less favorable. Martensite is extremely brittle, meaning that little 

effort (comparatively) is needed to cause failure.  

The hardness of such a grain structure can reach 700 HV depending on carbon content 

though other effects such as tempering can have great effect. Tempering martensite can 

provide strength and toughness, by increasing the grain size marginally, while decreasing 

the hardness. [14] Three different types of martensite can be seen in Fig. 10, and they 

are formed through different quenching rates. Slower cooling rates have more tempered 

microstructure, with the tempered structures having lower hardness. 

 
Figure 10: Microstructure of three types of martensite [15]. 

A structure that was once thought to be similar to martensite, bainite, has comparable 

properties though it has a more agreeable toughness to hardness ratio. 
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4.4.2 Bainite 

Bainite is a microstructure that ordinarily nucleates from grain boundaries and is 

composed of ferrite laths with carbide between the laths. As with martensite, bainite is 

an unfavorable structure, in specific cases, with relatively high hardness. This high 

hardness is a result of primary austenite with undiffused (quenched-in) carbon prior to 

low temperature transformation. [32] Undiffused carbon is also responsible for bainite’s 

low toughness, compared to martensite, though it has a higher toughness for an identical 

hardness. Bainite can be further classified into two categories, upper and lower bainite 

which is depicted in Fig. 11. The main difference is the temperature of formation, 350-

540ºC for upper and 200-350ºC for lower bainite which results in a constituent 

combination of α + Fe3C and α + Fe2.4C respectively (α, ferrite). [16] 

 
Figure 11: Microstructure of upper and lower bainite [33,34]. 

Upper bainite is an interesting microstructure because during its formation, the ferrite 

rejects carbon from its structure in a temperature dependent rate that forms hard carbide 

particles. The upper bainite, when formed with the appropriate composition, overlapped 

with pearlite, such that proeutectoid ferrite could precede bainite’s formation. [34] One 

of these ferrites, acicular ferrite, has been of keen interest to increase toughness of steels 

in low temperature environments.  

4.4.3 Acicular Ferrite 

Acicular ferrite (Figs. 12, 13) is another fine-grained microstructure with particular 

interest to the research projects. It grows competitively to bainite and depends highly on 

the presence of chemically favorable non-metallic inclusions (NMI), austenite grain size 

(Fig. 12), though it is formed in the same displacive transformation mechanism as bainite 

in the same temperature range. [35] 
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a)        

b)     

Figure 12: a) acicular ferrite compared to bainite [36], b) grain packets of different microstructural 
constituents, adapted from [37]. 

Primary plates nucleate intragranularly at NMIs, progressing with secondary ferrite grains 

at the plate interface of austenite and primary acicular ferrite. Acicular ferrite plates are 

characterized by chaotic, interwoven structures and are further described as fine grained 

interlocking morphology, Figure 13. [35]   

 
Figure 13: Microstructure of acicular ferrite [36]. 
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It both combines the crack retardation property to increase the toughness [38] of a joint 

while being less brittle than martensite, increasing the strength [22]. Acicular ferrite 

nucleates from NMIs [28], having a minimum diameter of 0.2 µm, within the metal 

providing that a chemically favorable NMI is present in sufficient quantities [27,39–43]. 

Additionally, slow cooling rates, see Table 2, on the order of single centigrade per second 

to tens of centigrade per second are needed to nucleate acicular ferrite [8,43–46]. 

Table 2: Literature described cooling rates between 800-500°C suitable for acicular ferrite formation 
during heat treatments [45]. 

 

Promotion of acicular ferrite growth was controlled by the lowering of the bainite 

transformation temperature, as well as alloying with Ni, Mn, or Mo (which retard 

polygonal ferrite formation). [47] Acicular ferrite was studied in detail by Bi in 2014, 

evaluating microstructures the support increased toughness in low temperature 

environments [48]. 

4.5 Thermal measurements 

Each LBW mode, conduction and keyhole mode, represents a different manner in which 

the laser beam interacts with the processed material. In conduction mode, the light is 

absorbed at the surface of a material while in keyhole welding, the energy is absorbed in 

depth, see Fig. 3. Figure 14 depicts the manner in how the two modes are simulated by 

simple analytical models, as a moving point and line source, respectively, including a 

visualization of the isotherms in the work pieces [49].  
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Figure 14: Isotherms in the work piece, calculated by moving heat sources, simulating: (a) 

absorption of light at a material surface, a point source (conduction mode laser welding) and (b) in 
depth, keyhole laser beam welding. 

How laser light is absorbed into the material affects how the thermal gradients are shaped, 

which can be measured for a specific location using traditional methods. Using numerical 

methods like Finite Element Analysis/ Methods (FEA/FEM), or using analytical moving 

point or line energy sources, allows for the simulation of volumetric temperature fields 

[50,51]. An FEA modeled LAHW-process, Fig. 15, shows the complex thermal 

distributions that occur during processing, namely the faster heating cycles at the root of 

the weld with longer cycles near the weld cap. 

 

Figure 15: a) Experimental LAHW-process cross section and the FEA simulated weld cross 

section (isotherms), b) isometric view of the melt pool from simulated LAHW-process and c) top 
view of the melt pool from high speed imaging for model confirmation [52]. 
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The presented research looks at both modes, using the high energy density, keyhole 

LBW to produce molten metal with conduction mode for thermal control and heat-

treatment. With the occurrence of both modes of heating, with the extreme temperature 

range involved, thermal measurement during processing becomes challenging. Explored 

in the presented work, is the movement from traditional physical methods, as 

demonstrated by the thermocouples, to optical measurements based on Planck’s Law 

with the development of the Dualscope technique (a ratio pyrometer) during laser beam 

processing, among others. Described here is an outline of the measurement techniques 

utilized in this research. 

4.5.1 Thermocouples 

Thermocouples are one of the most widely used thermal sensors and can range from 

relatively inexpensive to highly expensive, though this depends on the working range as 

well as material type. The temperature measured by a thermocouple is derived from the 

electrical junction (the joined tip) of two dissimilar electrical conductors, where the 

voltage due to a thermoelectric effect is interpreted. As the temperature of the measured 

material changes, the voltage measured by the thermocouple changes, which is 

converted into a temperature. Thermocouples are classed on the materials that are used 

for their conductors and the range of measurable temperatures. They can come wrapped 

in a wide variety of insulators that extend the working temperature range, and in various 

conductor diameters. [53] 

The thermocouples that were used in this research fall into two categories: nickel-alloy 

thermocouples and platinum/rhodium-alloy thermocouples. A Type-k thermocouple is 

the most common nickel-alloy thermocouple with a temperature range of -200ºC to 

1350ºC, being composed of chromel and alumel. These thermocouples are sensitive due 

to the magnetic properties of nickel as well as being reactive in reducing environments. 

Namely, the temperature at which the laser processing occurs is the main concern, with 

pure iron melting at 1538ºC and the surroundings can be further in excess of this point. 

The platinum/rhodium-alloy thermocouples on the other hand, can be suitable between 

1600ºC (Type R/S) and 1800ºC (Type B, [54]).  

Knowing the working temperatures of the thermocouples allows for an educated 

placement of the thermocouples so that they can both accurately record the point 

temperature of a location as well as be protected from the laser beam [44]. The placement 

of the thermocouples also can lead to its own issues due to the labor involved with 

drilling into thick sheets to place them near a joint central to a thick sheet [55] or its 

inability to survive being processed over (running a laser beam process over the 

thermocouple could lead to irreparable damage). Additionally, they must maintain 

contact with the substrate. This means that tack welding is often necessary to have sight 

specific measurements [8]. Placement of thermocouples on or near the processing zone 
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could also lead to unusual disturbances. Material sensitivity, placement sensitivity, and 

limitations in high temperature processing has led a call for remote measuring techniques. 

4.5.2 Pyrometers 

Pyrometers are a simple and common remote-sensing thermometer type that measures 

the amount of thermal radiation emitted from a surface, averaging over a focused region 

for a single temperature value [56]. This meant in the original concept, that a body must 

be at least red-hot for its incandescence to be measurable. The devices that are available 

now detect infrared radiation allowing for the measurement of cooler objects, like those 

at room temperature. The infrared radiation is measured by using an optical system to 

direct and focus the radiation to a detector [57], with the output signal being related to 

the irradiance (the thermal radiation) by the Stefan-Boltzmann law (Eqn. 2), 

𝑗∗ = 𝜀𝜎𝑇4                                                     (2) 

where 𝑗∗is the irradiance, 𝜀 is the emissivity, 𝜎 is the Stefan-Boltzmann constant, and 

the temperature 𝑇. As each material has its own unique emissivity, which is dependent 

on the surface characteristics, the chemical composition of the material and the 

temperature, the pyrometer must be set to detect on that type of surface, i.e. measuring 

the temperature of clean steel (mild steel has a 𝜀 range of 0.20-0.32) and oxide covered 

steel (𝜀 = 0.61). As the emissivities are temperature dependent, methods were developed 

that used ratios between different wavelengths to cope with the uncertainties, the two-

color pyrometer. This will be described further in Section 4.5.4 Dualscope. 

4.5.3 High Speed Imaging 

HSI of a welding process is normally not very suitable for temperature measurement but 

is often applied to observe flow phenomena of the process. For the presented research, 

HSI is used to observe process phenomena and as will be described below, with special 

techniques, HSI recordings can become even highly suitable for temperature 

measurements 

HSI is a technique that is used by a multitude of disciplines to capture and observe 

phenomenon that are imperceptible otherwise. This is accomplished through the 

creation of images taken very rapidly so that the images can be played slowly in sequence 

to produce a slow motion video. Slowing the video allows the filmed process to be 

observed at rates that the human eye can comprehend, and thus allows the observation 

of the otherwise indistinguishable occurrences during an event. 

When considering the event being filmed, lighting plays a very important role in the 

ability to capture a clear image. Cameras are governed by the speed at which their 

shutters open and close, allowing light to pass their apertures towards their sensors. High 

speed cameras need to operate at above normal speeds to capture focused images taken 

microseconds apart. Cameras that are capable of capturing at least 250 frames per second 
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(fps) are considered high speed cameras and can be divided into groups according to 

their advancement of the filming medium. Special considerations are needed when 

filming laser based processes due to the presence of excess process light (as is the case in 

laser beam welding) which is inherent to the technique. In these cases, filters can be used 

to block the process light as lasers operate within a certain wavelength, and use other 

lasers of a different wavelength (i.e. diode lasers with a wavelength of 850 nm) to 

illuminate the process. An illumination laser was not used in the example of HSI see 

Fig. 16, hence the bright images during processing and nearly black images once 

processing ends. It also shows an image sequence of the hereby developed Snapshot 

process. The exemplified process is the melting of wire pieces by laser beam irradiation, 

followed by quenching. 

 
Figure 16: High speed images (inclined view) of a snapshot process for four time steps: (a) 

0.080 s, (b) 2.600 s, (c) 6.156 s, and (d) 8.536 s; (a) and (b) are during the laser pulse, (c) 
and (d) afterwards [58]. 

The camera used in the research presented for this thesis work was a Redlake NR4-S2 

camera, with frame rates of 2000 fps at full resolution with minimum exposure times of 

1 μs. The camera has a complementary metal-oxide-semiconductor (CMOS) -Polaris 

II sensor with a color filter array (CFA) pattern GBRG. This is a Bayer filter mosaic, see 

Fig. 17, that describes the percentage of green (G), red (R), and blue (B) color filters 

where each pixel has its own photodetector and amplifier. This camera has a filter pattern 

with 50% G-, 25% B-, and 25% R- filters. 
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Figure 17: Schematic of the Bayer filter with the combined GBRG-CFA, adapted from [59]. 

For the works presented in this thesis, using process light filters and illumination lasers 

was used supplementary to visualize the process. Instead, the high speed camera was 

adapted with a system of mirrors to split the field of view into two identical images, a 

left hand image and a right hand image. The system of mirrors in combination of 

wavelength filters is called the “Dualscope” and this method will be described in the 

next Section. 

4.5.4 Dualscope 

The device that is known as the Dualscope, is technically a two dimensional, two-color 

pyrometer or a ratio pyrometer that is used with a high speed camera. The image from 

the Dualscope is a split view of a single object, as shown in Fig. 18 where the unfiltered, 

split image is outlined in gold. 

 
Figure 18: Dualscope field of view without wavelength filters, imaging twice on a single camera 

sensor chip (a,b). 

This allows for the use of two wavelength filters to be used so that each half of the image 

is produced only using the intensity from the selected wavelength. For the cases 

presented here, the selected bandpass filters (with widths of 40 nm) are 680 nm and 

769 nm. Using the Dualscope in combination with HSI then allows for the evaluation 

of the temperature of a process in a pixel per time step manner by application of Planck’s 

law. 

b a 
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Filtering the emitted radiation through two different wavelength filters allows for the 

intensity of the radiation to be ratioed between the individual wavelengths via Planck’s 

law, Eqn. 3. Planck’s law is given as 

𝐵𝑣(𝑣, 𝑇) =
2ℎ𝑣

𝑐2

1

𝑒

ℎ𝑣
𝑘𝐵𝑇−1

                                           (3) 

for the spectral radiance of a body 𝐵𝑣 with a frequency 𝑣 at a temperature 𝑇, given the 

Boltzmann constant 𝑘𝐵, the Planck constant ℎ, and the speed of light 𝑐. This could also 

be expressed in terms of wavelength λ as shown in Eqn. 4 as 

𝐵λ(λ, 𝑇) =
2ℎ𝑐2

λ5

1

𝑒

ℎ𝑐
λ𝑘𝐵𝑇−1

                                         (4) 

That shows a strong dependence on the wavelength with the emitted energy, see 

Fig. 19. 

 
Figure 19: Black body radiation spectra, for different temperatures, with the classical Rayleigh-

Jeans ultraviolet catastrophe, adapted from [60]. 

The ratio between the different wavelengths assumes, by the gray body assumption, that 

at the selected wavelengths the emissivity is the same and is nullified. This is the same 

principle that was used to develop the ratio pyrometer, though it was determined that 

for many materials, the emissivity is not the same across all the wavelengths leading to 

measurement errors. Pyrometers with more than two wavelengths have been developed 

that need mathematical calculations to derive accurate temperatures to circumvent 

shortcomings with unknown emissivities. Calibrations are also beneficial for reducing 
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uncertainties. The camera and Dualscope set-up was calibrated using a special oven (a 

blackbody radiation source) through various focal positions and exposure times, Fig. 20.  

 
Figure 20: Schematic of the set-up to determine the calibration curve for the camera with lens, 

Dualscope and filters. Modified from [61,62]. 

From this, a calibration equation was derived to correlate the temperature to the 

measured grayscale intensities and used for image processing with an in-house developed 

MATLab code. The ratio is calculated from overlaying the right-hand image (Fig. 18a) 

with that of the left-hand image (Fig. 18b), with the assumption of grey body radiation. 

The overlaying is the matching of the pixel from the right hand image to the 

corresponding left hand image pixel, a process that can be quite sensitive with steep 

gradients during keyhole LBW. The developed MATlab code allows for either manual 

selection of a center point for the bounding box, or for more advanced image 

recognition for automatic selection of the overlaying areas. HSI in combination with the 

Dualscope then allows for remote temperature measuring with time-steps intervals at the 

high frequency of filming, reaching sampling rates higher than that of thermocouples 

(whose response times are material dependent). It should be noted, that at each exposure, 

only a certain range of temperatures is filmable due to the intensity captured by the 

sensor as well as reaching saturation limits, that do not allow for temperature evaluations. 

During laser processing, as in LBW, the sensors can become saturated at moderate 

exposures (as low as 5 µs). Caution is needed when selecting the correct exposure rate 

to capture the temperature range needed without damaging the camera’s sensor.  

4.6 The Snapshot method 

LBW is a complex process that has many components [6] that influence the process 

stability. When adding additional processes, like arc-welding [10,13,63–65] or wire 

feeding [15,51,66,67], to the LBW process, the interactions are even more complex. 

The process to generate samples for microstructural evaluation and mechanical testing is 

a time consuming process. A screening method was developed over the course of this 

research to efficiently generate representative samples using fractions of the materials and 

make the samples easier to handle. The method has been named the Snapshot method 
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due to the idea that it generates/captures a particular moment in the thermal cycle of a 

process (single pass or multi-layer). 

4.6.1 Snapshot set-up 

The Snapshot set-up is made up of a cavity drilled into a base plate of a material that acts 

as an open-air crucible and the material to be processed. Shielding gas is provided to the 

cavity to mimic the conditions of a laser beam weld track. The process is stationary, with 

the laser beam being projected onto the flattened surface of ground wires (as in the case 

of Papers I and II) or onto a randomly textured surface (Paper I and Paper III). Figure 

21a,b shows the schematic of the Snapshot method, with the locations where thermal 

measurements were taken while Figure 21c shows the actual set-up with rough cut 

welding wire consumables. 

 
Figure 21: Schematic of the new “snapshot”-method: (a) horizontal view (a: rod like type-K 

thermocouple probes, b: laser inclination angle, c: laser beam, d: defocusing length, e: pyrometer, 

f: type-K wire thermocouple), (b) top view (g: logger, h: type-K wire thermocouple); (c) 
experimental set-up, with processed and unprocessed spots [58]. 

The cavity that is drilled into the base material can be of any size, with the arbitrary 

value of 5.5 mm diameter selected for this case due to the ease of filling the cavity 

(having minimal air spacing between the wires) and having a width near that of a 

comparable NGMLW. By providing a cross section similar to that of the desired process, 

the boundary conditions could be mimicked. 

4.6.2 Pulse shaping 

Viewing the laser beam as a heat source, it becomes readily understandable that by 

altering the amount of heat directed to a material section, the thermal cycle can be 

altered. This can be by increasing the duration of heating, the rate of heating, the 

increased heat input among others. Various pulse shapes were identified in the 

production of these papers for various tasks: to control the melt temperature (to form a 

desired microstructure directly from the melt), to reheat a sample (to alter the 
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microstructural composition without melting it again), and to control the rate of cooling 

in a sample (to direct the microstructure formation). 

4.7 Dilution 

The final topic that is addressed in the presented research is dilution between the filler 

wire and base metal during welding. As previously discussed, the use of different material 

combinations will lead to a new chemical composition in the weld metal. The material 

mixing is also influenced by the process stability, as was demonstrated through the 

evaluation of three different arc welding modes during LAHW in Fig. 22. 

 
Figure 22: Cross section and transverse section of three different arc modes in LAHW [68], 

showing the extent of mixing (bright: wire consumable material, dark: base metal). 

The three different arc modes show in the transverse section that material mixing is not 

uniform. The cross section of the welds also shows that the added wire material remains 

in the top portion of the welded section. The different compositions would then lead to 

different microstructures being favored as solidification occurs. 

Dilution is being discussed as the second approach to obtain desired microstructures 

(recall that the first is through the thermal cycles). The fusion techniques explored in the 

project work required filler material due to the thickness of the steel sheets used as well 

as necessity of a gap due to the desired process (NGMLW). With different chemical 

compositions between the filler material and the base material, when molten, the mixed 

melt forms a new chemical composition that has different properties of either of the 

starting materials.  

The amount of level of mixing also has an influence on the composition. For the 

NGMLW, high levels of mixing are achieved at the edges of the gap, while more 

moderate mixing is obtained in the center of the joint. This is heat input dependent 

which dramatically influences the melt pool dynamics. Another form of dilution is seen 

in NGMLW through diffusion, which is the movement of elements through the solid 
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state (crystalline) structure when there is sufficient thermal energy. As each pass is added 

in the NGMLW, there is a re-melting of a portion of the previous track along with the 

melting of the gap edges that causes one composition in the new track, but the heat from 

the addition is sufficient to allow for diffusion to occur in some of the underlying tracks. 

Overall, there is a gradient that can form in the horizontal and/or vertical section of the 

weld.  

To study the effects of the original, mass transfer based dilution, where the molten metals 

mix, a method is needed that isolates this mechanism from the diffusion process. The 

concept can be thought of as taking the two metals and mixing them in a beaker then 

applying heat in a controlled manner. For the here studied works, the original Snapshot 

method (Figure 23a) was modified so that dilution could be performed in the same 

simplified set-up that was used for pure wire processing, Fig. 23b-c.  

 
Figure 23: Schematic of the Snapshot method developed for dilution experiments; three variants: 
a) no dilution, b) symmetric dilution by a larger or stronger laser beam, c) asymmetric dilution by 

lateral beam displacement. 

Dilution was achieved through symmetric and asymmetric manners, with the main 

difference being the laser placement and the size of the beam spot. In the symmetric 

manner, a highly defocused beam with high laser power output was used to melt a 

section of base plate material into the cavity that contained the welding wire 

consumables. The wire can be cut into sections that fill the cavity geometrically (being 

flush with the top surface of the base plate) or be cut so that the resulting melt fills the 

cavity volumetrically. Having the flush wires provided a better surface for laser 

processing, but lead to some issues with the amount of melt. This method was thought 

to provide a dilution in a uniform manner as the cavity was smaller than the laser beam 

spot, providing an even coverage around the cavity for processing. Extended laser 

emission would then allow for sufficient mixing of the material through thermal 

convections and surface tension gradients. 

The asymmetric dilution, on the other hand, would provide more of a gradient. As the 

processing area is smaller, the gradient could be made negligible. However, the process 

is highly sensitive to the laser placement (which is responsible for the amount of material 

melting) and the emission time of the laser beam. This method is unstable and lead to 

inconsistent results, which lead to it being abandoned in favor of a more controllable 

environment. 
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The final method to obtain dilution was a way that allowed for the measurement of the 

material masses to be mixed prior to them being processed. Then after placing the 

materials in the cavity, the materials are irradiated by the laser beam to form a loose 

nugget. The materials in this case are base metal chips collected from drilling the cavity 

in the base material, and filler wire clippings. Figure 24a-c shows the approach to pre-

determined dilution, while Figure 24d-i shows the process used in Paper III. 

 

Figure 24: Schematic of the sandwich Snapshot method, for pre-determined dilution, with: a. 
base metal chips, b. wire clippings, c. sample nugget, d. Dualscope, e. laser beam, f. base metal 

layer, g. wire clipping layer, h. processing zone, and i. base metal plate. 

The base metal chips and the wire clippings are measured for their mass so that a weight 

percentage of wire clippings can be added to the base metal chips. This gives a base metal 

dilution from which the chemical composition can be determined numerically, with 

assumptions that there is negligible material loss and no material contamination. The 

dilution can then be checked after processing through the use of advanced equipment 

like the energy dispersive x-ray spectroscopy (EDS/EDX).  

Parameter testing along with different dilution approaches allowed for the selection of 

this method labelled the “sandwich” Snapshot method.  
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5. Summary of papers 

Paper I – Tailored laser pulse method to manipulate filler wire melt metallurgy 

from thermal cycles 

Abstract: A robust method is introduced to simulate and study the filler wire metallurgy 

for controlled cooling conditions after melting, enabling efficient mapping with prompt 

analysis of trends. Proposed is a reduced, though representative, process with more 

controllable conditions. Short lengths of filler wires are preplaced in a cavity, drilled into 

a base metal sheet. Irradiation by a pulsed laser beam melts the wire to generate a sample 

nugget. Pulse shaping influences the cooling rate, granting the ability to tailor weldament 

microstructures. The method is demonstrated for S1100QL steel and undermatched filler 

wire, to obtain high toughness for processes like laser-arc hybrid welding, where a 

representative thermal cycle is needed. For high toughness, a controlled amount of 

acicular ferrite and, in turn, nonmetallic inclusions is desirable. This “Snapshot” method 

has revealed a characteristic histogram of inclusion sizes, for different pulse shapes. 

Additional information on the thermal cycle can be acquired by employing 

thermocouples, a pyrometer, or advanced methods like high speed imaging or modeling. 

The method offers a wide spectrum of variants and applications. 

Conclusions: 

• A new filler wire testing method was developed that enables one to isolate 

mechanisms, to tailor the thermal cycle and microstructures by pulse shaping, 

representative for continuous welds, and to rapidly map parameter variations. 

• Laser parameters were identified that provide good control over the cooling cycle, 

dilution, and microstructures; wire nuggets can even be generated without dilution. 

• The snapshot method has demonstrated that a characteristic size distribution of 

nonmetallic inclusions is formed for specific pulse-ramping. 

• The method offers a wide spectrum of variants and applications, including additional 

experimental and theoretical information. 
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Paper II – Microstructures of high strength steel welding consumables from 

directed thermal cycles by shaped laser pulses 

Abstract: Filler wire metallurgy was modified through temporally shaped laser pulses, 

controlling cooling cycles in a recently developed method. Trends were identified 

through efficient mapping while maintaining representative thermal cycles of welding 

processes. A primary pulse melted preplaced filler wires in a cavity, forming a nugget. A 

secondary ramp-down pulse elevated the nugget temperatures to re-austenization 

followed by linear temperature decay, guiding the temperature through a regime to 

generate a desired microstructure. For three high strength steel wire chemistries, 

quenching yielded shorter, thicker plates with randomly interlocking microstructures. 

Finer bainite microstructures started forming for fast linear temperature decay, about 

250°C/s. Slower decay or a weaker third cycle led to less interlocking, coarser 

microstructure and coalescence between plates. 

Conclusions: 

• A recently developed testing method was demonstrated for the first time to enable 

efficient, systematic study of the impact of tailored thermal cycles on the 

microstructure of welding consumables, to be replicated in the welding process. 

• Linear ramp-down of laser power enabled the decrease of surface temperature in a 

linear manner, at constant high cooling rate in the range 50-300°C/s, hence much 

faster than furnace-based methods and even including the molten state; 

Microstructures can hence be linked to specific, constant fast cooling rates in a 

controlled manner. 

• For the new highly alloyed metal cored wire consumable and the two commercial 

solid wires at their respective application strength limit the main trends were similar; 

fast quenching of typically 1000°C/s down to 200°C/s has caused microstructures 

with short, thicker plates of widely random interlocking orientation, which can be 

favorable for high toughness.  

• Fast cooling at constant rate in the range 200-300°C/s caused more parallel, thinner 

plates, indicating bainite; four times slower cooling generated coarser packets in 

which plates coalesce, even more pronounced for a weaker third pulse.  

• Systematic representative mapping and improved understanding through the 

snapshot method can facilitate and accelerate optimization of the filler wire 

chemistry, of the welding processes and hence of the generated weld metal 

properties.  
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Paper III – Evaluation of pre-determined dilution of HSS by the Snapshot method 

Abstract: Dilution is often an unavoidable consequence of fusion processing, i.e. 

welding, utilizing materials of different compositions. Proposed here is a novel method 

to produce controlled dilution experiments for analysis of the effects on microstructural 

trends that arise from diluting steel filler wire by steel base metal. Different 

microstructural compositions were realized previously in the processing of just the filler 

wire material through the same experimental simulation method, utilizing different heat 

cycles and cooling rates. The proposed method allows for the same controlled conditions 

with a known dilution value, pre-determined, from mass percentages of the additives. 

Base metal chips along with chopped filler wire are weighed and added to a prepared 

cavity to obtain specific mass percentages, and hence the dilution rates. The metal in the 

cavity is irradiated by a pulsed laser beam, melting the mixture that then solidifies into a 

uniform nugget. The pulse shape of the laser beam influences the cooling rate and can 

be controlled, allowing complex thermal cycles to be added in a systematic manner. This 

novel method is demonstrated for the dilution of S960QL steel by under-matched wire 

consumable, generally used to obtain high toughness in wire welding processes. 

Negligible contamination is obtained when the nugget does not fuse to the crucible, a 

significant benefit. Energy dispersive x-ray spectrometry determined that homogenous 

chemistry was obtained in the samples. Hardness values obtained for the different 

dilution levels relate to those seen in a narrow gap multi-layer laser weld, with a 

decreased dilution rate yielding a decreased hardness. An optical technique is used to 

measure the thermal cycle, a high speed RGB camera, to evaluate the relative spatial 

temperature of the nugget surface. Formed Snapshot microstructures are similar to those 

of a narrow gap multi-layer weld, with the former being evaluated further for non-

metallic inclusion size distributions relating to the dilution levels. 

Conclusions: 

• Processing of geometrically non-uniform additions of milled base metal chips and cut 

wires using the Snapshot method produced small, manageable, chemically uniform 

nugget samples 

• A pre-determined ratio of base metal to filler material enabled a more systematic and 

therefore a scientific dilution investigations than bead on plate experiments and other 

methods 

• Representative and comparable microstructures of relevance were found for 

comparing the Snapshot nuggets with a narrow gap multi-layer weld sample 

• Decreased amount of base metal (decreased dilution) resulted in larger 

microstructures and decreased hardness 

• Decreased wire content correlated to a decreased amount of non-metallic inclusions, 

with the large inclusions observed only in the 52% BM sample.    
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6. General conclusions of the thesis 

A technique that simplified a number of laser based welding processes was developed for 

the intent to study temperature fields, cooling regimes, and the microstructural impacts 

of the processing method. The general knowledge gleaned here can be used further to 

investigate the effects on mechanical properties of a number of different metal materials. 

In addition to the conclusions presented in the appended papers, common conclusions 

can be drawn: 

(i) Temporal shaping of the laser pulse is an effective tool to alter the local temperature 

field, yielding changes in the weld metal microstructures at high cooling rates and in a 

controlled manner. The presented snapshot method allows comparatively high cooling 

rates, i.e. to Gleeble systems, with a similarly controllable environment to that of the 

welding processes it replicates. 

(ii) The simplistic set up of the Snapshot method provides development of temperature 

measurements, with the use of physical methods like thermocouples as well as optical 

methods with pyrometers, the Dualscope, and potential with thermal imaging, high 

speed cameras. 

(iii) The Snapshot method was used to replicate welding conditions, alter temperature 

fields in the material, and to process new materials of various geometries for both welding 

conditions and to emulate dilution. The Snapshot technique was shown to be a robust 

tool for many processing conditions, showing expected and unexpected results.  

(iv) Laser beam welds can be differentiated into three main zones (ignoring the 

unaffected base material): the fusion zone, the weld interface, and the heat affected zone, 

which can all be created or simulated by thermal input from the laser beam. The snapshot 

method allows for the production of a small sample nugget of processed filler material, 

processed base material, or a mixture of both. For simulative purposes, the laser beam 

can be used as a heat source without additional filler materials and thus can emulate 

multi-layer thermal cycling. Superimposing thermal cycles in a controlled manner can 

be used to optimize the necessary thermal conditions to produce desired microstructures.  
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7. Future outlook 

With the presence of many underlying topics in the presented research work, two 

approaches are recommended for further development: one that focuses on optical 

thermal measurements during and after laser processing (owing to the sensitive nature of 

the sensors) and another that focuses on relating the mechanical properties to the 

resultant microstructures from thermally controlled cycles. An additional topic partially 

discussed, but not fully explored, is the regime in which chemistry is a greater influence 

over a thermal cycle. The findings from the dominate factor in certain cases could be 

applicable in any material science study. 

 

Proposed topics for future research include: 

1. Study effects of rapid thermal processing via the laser beam as a heat source, on the 

formation of microstructures in CCT studies. 

2. Investigation of the effects from the oxide layer in terms of heat distribution (in 

multi-pulse cycles) and reactions in multi-layer additions. 

3. High speed imaging of the nugget surface to build a simulation of flow patterns 

related to thermal inputs, chemical compositions, as well as the impacts of material 

addition geometries on the melting process. 

4. The study of mixtures of filler wires to replicate multi-wire additive techniques 

5. Exploration of the dilution simulation by expanding to include pure elemental 

additions for small batch processing 
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Abstract 

A robust method is introduced to simulate and study the filler wire metallurgy for controlled 

cooling conditions after melting, enabling efficient mapping with prompt analysis of trends. 
Proposed is a reduced, though representative, process with more controllable conditions. 

Short lengths of filler wire are preplaced in a cavity, drilled into a base metal sheet. Irradiation 
by a pulsed laser beam melts the wire to generate a sample nugget. Pulse shaping influences 
the cooling rate granting the ability to tailor weldament microstructures. The method is 

demonstrated for S1100QL steel and undermatched filler wire, to obtain high toughness for 
processes like laser-arc hybrid welding, where a representative thermal cycle is needed. For 

high toughness, a controlled amount of acicular ferrite and, in turn, non-metallic inclusions 
is desirable. This “snapshot” method has revealed a characteristic histogram of inclusion sizes, 

for different pulse shapes. Additional information on the thermal cycle can be acquired by 
employing thermocouples, a pyrometer or advanced methods like high speed imaging or 

modelling. The method offers a wide spectrum of variants and applications.  

Introduction 

Microstructures of processed metals are a determining factor of mechanical properties in 
manufacturing techniques, particularly in fusion processes exemplified by welding. For 

certain welding techniques, filler material is used to bridge gaps, which can have a unique 
chemistry independent from the base material, causing compositional changes.  Effects in the 

microstructure are generally observed post processing, after additions of alloys or thermal 
treatments. For welding processes, weld metal microstructures and the heat affected zone 

(HAZ) can have large compositional changes over marginal lateral distances due to local 
thermal histories, presenting a challenge to identify the mechanisms and causes for 

microstructures in specific regions.  

The Gleeble-method enables the replication of the HAZ of welded joints, providing full 

samples with uniform microstructures, under controlled thermal cycles. Newer Gleeble 
systems are capable of simulating solidification processes, with cooling rates up to 200°C/s 

from 800°C to 500°C (the critical cooling interval that determines specific microstructures, 
also expressed by the duration t8/5) in a 10 mm plain carbon steel bar with 10 mm free span 
reduced to 6 mm diameter for 6 mm long at midspan. By quenching measures, up to 

10,000°C/s can be achieved at the surface, then inhomogeneously.  However, Gleeble tests 
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are done on homogeneous pieces or easily joined samples (square bricks, cylinders) but not 
for filler wire. Exceptionally, a powder sample was used in a simulated forging process, by 

compression in a Gleeble 3800 system, after 3D-printing a near-net shape cylindrical test 
sample. [1] Moeinifar et al. [2] simulated a double pass thermal cycle in the HAZ, 

comparable to submerged arc welding heat inputs, having an initial peak temperature of 
1400ºC followed by a reheating to 800ºC with varied cooling rates on X80 pipeline steel in 
a Gleeble system. This was done to measure the size and area fraction of martensite/austenite 

constituents with field emission scanning electron microscope, SEM. [2] Fu et al. [3] 
observed microstructural changes under Gleeble-induced thermo-simulation compressions 

of hybrid deposition and micro-rolling cylindrical samples. The sample was produced 
through depositing multiple layers of filler material into a wall structure. Impact toughness 

was reduced through the enhancement of intensity direction of deformation textures. 
However, the wire material already experiences a thermal treatment before testing in the 

Gleeble-system, hence not microstructures directly from melt. 

Similar to Gleeble is the Jominy end-quench test, [4] for which the cooling cycle was 

measured by thermocouples. Occasionally, sophisticated approaches to study the formation 
of microstructure originating from the molten state are applied. For example, preparation of 

a homogeneous melted sample in a furnace followed by heat treatment along with in-situ 
observation of the transient metallurgy during cooling by a high temperature-laser scanning 

confocal microscope (recording at 15 fps), [5, 6] or by a dipping technique of a ceramics-

covered steel substrate into a larger melt [6]. 

Wire filler processes like laser-arc hybrid welding or narrow gap multi-layer laser welding 
may not efficiently be demonstrated in this manner. Linking resulting metallurgical 

compositions and distributions to their origins requires isolating of the mechanisms; a 
challenging feat with significant variations over modest lateral distances with a local thermally 

and chemically dependent characteristic metallurgical domain. With complex heat inputs 
from these processes, tailoring of the microstructure is possible through prolonged cooling, 
special chemistry wire, and dilution of base material or through multiple heat cycles, which 

can lead to distinct metallurgical compositions and distributions. The most established 
method to characterize filler wires is the generation of multiple gas metal arc welding tracks, 

wide enough that the weld metal can be extracted for mechanical testing, typically tensile 
testing or Charpy V-notch testing, CVN. This method does not provide information on the 

local link to the thermal cycles and microstructures. Moreover, the wire test sample is 

composed of inhomogeneous melting and heating cycles. 

The thermal cycles experienced by a cell of metal during welding can to a certain extent be 
measured by employing thermocouples, by pyrometers or by thermal imaging [7]. Recently, 

advanced thermal imaging techniques have been developed and more accurate identification 
of the emissivity was achieved, for calibration [8]. While most of the measurements are 

limited to surface temperatures, numerical simulation aims to predict the volumetric 
temperature field, [7] which is altered by convection from complex melt pool flow. Apart 

from Marangoni-convection, depending on the welding technique additional driving forces 
can govern the flow, for laser beams particularly ablation pressure in case of keyhole boiling. 
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For the here presented method, which is based on laser spot melting in conduction mode, 
thermocapillary flow is the main driving force, which was studied by CFD [9] and by high 

speed imaging, apart from evidence through the resulting altered weld cross section shapes. 
The melt flow is here also of importance with respect to inhomogeneity of dilution of the 

wire with the base metal. To a certain extent, for laser spot welding, the influence of different 
pulse shapes on the thermal cycle and on the resulting microstructures has been investigated, 
usually combinations of ramping up or down laser power, for example for dissimilar metals 

in dental applications [10]. 

The here presented method, to study and tailor the microstructure of filler wire, was initially 
developed to improve the toughness of suitable weld metal for Q+T steels up to 1100 MPa 

yield strength, for which the method will here be demonstrated. For HSLA Q+T steels like 
Domex 960, strengthening precipitates like carbides heavily influence the requirements and 
specifications of welding procedures. A high cooling rate, t8/5 of 0.6-1.3 s, from low heat 

input provided a fine grained microstructure composed of upper and lower bainite, 
martensitic islands, polygonal ferrite, and allotriomorphic ferrite. [11] For Strenx 1100 MC 

steel, a decrease of tensile strength was seen compared to the base material, seeing even only 

50-60% of the impact toughness [12].  

One promising contribution to high toughness is acicular ferrite, AF, which is likely to 
develop instead of bainite in the presence of non-metallic inclusions, NMIs [13]. 10-36% of 

inclusions were identified to initiate nucleation of AF [14]. A minimum inclusion size of 
0.2 µm was sufficient to decrease the free energy barrier for solute depleted zone nucleation 

of AF [15]. Cooling rates of 20-30ºC/s were needed to change the microstructure from 
polygonal ferrite or allotriomorphic ferrite to fully acicular microstructures, or a mixture of 

AF and bainite [16,17]. Mo additions enhanced AF formation, providing a dual lath 
morphology of dominant parallel laths and interwoven/chaotic ones to a lesser extent [16]. 

A two stage cooling cycle allowed for high volume fraction of AF with lower cooling rates 

[17]. 

Ti-inclusions inhibited the competitive formation of allotriomorphic ferrite, polygonal 
ferrite, and Widmanstätten ferrite. A decrease of the free energy barrier around the inclusion, 

increasing lattice disregistry was the cause. [15,18] An increasing potential to Ti-oxide, Ti-
oxysulfide, and then Ti-Ca-oxysulfide inclusions was listed after additions of sulfphur or 

calcium to control austenite grain size and inclusion density [18]. TiO and TiN inclusions 
are potent, low lattice mismatch nucleants. However, MnS conversely was considered an 
inactive nucleant unless B was added. B, which when segregated to the prior austenite grain 

boundaries, enhanced the activation energy barrier. [19] An increase of Ti had a beneficial 
effect on AF nucleation, noting a limitation of long-range diffusion of Mn, leading to the 

Mn-depleted zone around the NMI that was seen as a driving force by other groups [20]. 

In order to study and improve filler wires in more detail with respect to the microstructure 
linked to the thermal cycle and chemistry, a high productivity testing method is here 
presented for the first time. Pulsed laser melting of preplaced wire enables simpler and more 

controllable conditions, while maintaining a likeness to the original welding process. The 
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method is demonstrated for the growth of non-metallic inclusions for an under matched 

filler wire for S1100L Q+T steel as the base metal. 

Method  

A new approach is here presented to study microstructure evolution through tailored thermal 

cycles, in a high productivity technique that is representative of wire-based welding, through 

laser pulse shaping.  

Cavities were drilled into 12 mm thick, grain refined S1100QL steel sheet, diameter 5.5 mm 
and a central depth of 7 mm, represented in Figure 1. Low alloy solid filler wire designated 

LNM MoNiCr (from Lincoln Electric, according to EN ISO 16834-A: G Mn4Ni2CrMo), 
diameter 1.2 mm, was cut to lengths of 8 mm. Chemical and mechanical properties of the 

base and filler material are shown in Tables 1, 2. 16 cleaned wire lengths were vertically 

placed into each cavity, slightly sticking out.  

 

Figure 1: Schematic of the new “snapshot”-method: (a) horizontal view (a: rod like type-K 

thermocouple probes, b: laser inclination angle, c: laser beam, d: defocusing length, e: pyrometer, f: 
type-K wire thermocouple), (b) top view (g: logger, h: type-K wire thermocouple); (c) experimental 

set-up, with processed and unprocessed spots.
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Table 1: Chemical composition (wt.-%) of the here studied base metal, S1100QL, and wire (balance: Fe) 
  

Table 2: Mechanical Properties of the base metal, S1100QL, and wire 

 Plate thickness 

[mm] 

Yield strength 

[MPa] 

Tensile strength 

[MPa] 

Elongation A 

[%] 

Impact strength [J] 

 -40ºC            -60ºC 

S1100QL 5-40 1100 1250-1550 10 27 27 

LNM-MoNiCr - >890 950 >15 70 >50 

 

The laser beam, centrally aligned in the cavity, was produced by a 1070 nm wavelength 
Yb:fibre laser (IPG YLR-15000, 15 kW cw, can be pulsed and pulse-shaped to >200 µs-

steps, beam parameter product (BPP), 10.3 mm·mrad, feeding fiber diameter 200 µm). The 
laser beam then passes the beam switch to a 400 µm diameter processing fiber (BPP 14.6 

mm·mrad) before being focused by the optics (Precitec YW52) and projected to the base 
material surface. The collimating and focusing lenses had focal lengths of 150 mm and 

250 mm respectively. The beam was defocused by setting the focal point 12 mm above the 
base material surface, giving a spot size of approximately 1.5 mm. The optics were inclined 

10º-15º to prevent back reflections. The shielding gas was 18 l/min Ar with a second cross 

jet 5 mm above the shielding gas tube.  

The pulsed laser beam can be modified with respect to power level, duration and 
stepping/ramping. Of the manifold pulse types that have already been studied, results for 

three pulse types are here presented, combining square pulses and ramping down, as will be 

shown later.  

Measurements of the thermal cycle were conducted in a variety of different set-ups. A type-
K thermocouple probe (max. 1260ºC) was used to measure the surface temperature at a 

certain distance from the edge of the cavity. A distance of 3 mm corresponded approximately 
to the center of the infrared (IR) emission detection field of a pyrometer (max. 900ºC, 

6 mm spot size at focus). The pyrometer was calibrated to a probe; an emissivity of 0.80 
corresponded to oxidized steel, since the base plate was manually abraded to remove the 

majority of oxides. As another option, sacrificial thermocouple wire was inserted through a 
channel from the bottom of the cavity (so that the melt could drop onto the contact). 
Secondary experiments were employed with rod-like thermocouple probes and sacrificial 

thermocouple wires, diameter 0.5 mm, inserted from the top of the cavity in a gap between 
the wires. Concurrently, high speed imaging (HSI) was used at 500 fps with a declined view 

onto the cavity, recording the thermal process radiation. This was for collaboration 

information. 

 C*J Si*J Mn*J P S Cr*J Cu Ni*J Mo*J B*J 

S1100QL 0.21 0.5 1.4 0.02 0.005 0.8 0.30 3 0.7 0.005 

LNM-MoNiCr 0.09 - 1.8 - - 0.3 - 2.20 0.55 - 

*J Intentional alloying elements 
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The weld nuggets were produced so that they were easily replicated. Laser placement 
influenced the shape of the top of the nugget, and would only influence dilution if an off-

center placement was used. Fusion, and hence dilution, to the base material was due to either 
off-placement of the laser or to extended exposures. The melt nugget samples were cut, 
longitudinally, just off center so that the polishing process would remove the remainder so 

that the center of the weld was exposed. Standard metallographic procedures were used to 
polish the melt nuggets to a mirror surface before etching with 2% Nital. The 

microstructures of the melt nuggets were imaged using two different optical microscopes, 
an Olympus VANOXT and a Nikon Eclipse MA200, which provided different 

visualization. 

NMIs were evaluated in etched samples through an image processing software, Fiji (altering 

contrast and brightness, and applying median filters), to count the number of inclusions as 

well as to determine the distribution of sizes (areas) of NMIs and their number density. 

The analysis of the thermal cycle and the study of laser pulse shape options was supported 

by a simple mathematical model. An analytical solution of the temperature field T, 
Equation 1, along the vertical axis z as a function of time t is: 

 

𝑇(𝑥 = 0, 𝑦 = 0, 𝑧; 𝑡) = 𝑇𝑎 +  
𝐴𝐼0𝐷

𝐾
[𝑖𝑒𝑟𝑓𝑐 (

𝑧

𝐷
) − 𝑖𝑒𝑟𝑓𝑐 (

√𝑧2+𝑤0
2

𝐷
)]                  (1) 

 

with the thermal penetration depth D given in Equation 2 as 
  

𝐷 = 2√𝜅𝑡,                                                                 (2) 

 

where: circular laser pulse of radius w0, power density I0 (square profile) and duration tL at 

the surface of a semi-infinite solid, thermal conductivity K, diffusivity , ambient 
temperature Ta, integral complementary error function ierfc( ). The average absorptance A 

needs to be estimated (e.g. A=20%). One then needs to superimpose a second, identical but 
negative and time-shifted equation when the pulse ends, at tL, as shown in Equation 3: 

 
𝑇(𝑧; 𝑡) = 𝑇𝑎 + 𝑇𝑂𝑁(𝑧; 𝑡) − 𝑇𝑂𝐹𝐹(𝑧; 𝑡 − 𝑡𝐿)                                (3) 

Any additional pulses can then be superimposed, to design or approach almost arbitrary 
temporal pulse profiles. The start and end time of each pulse as well as the pulse power level 

needs to be considered, for each pulse, or pulse-step. The model bears a number of 
simplifications (like constant material properties independent of temperature, no melt flow, 

no latent heat of melting/solidification, uncertain absorptance, lacking surface heat losses, 

etc.) but is suitable for basic understanding or fast estimations. 
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Results 

In the following, the new snapshot method is presented through results and observations 

demonstrated for the wire and base metal given in Table 1. Figure 2 shows cross sections of 

the melted wire for strong dilution, moderate dilution (asymmetrically, because of beam 

misalignment), melting of the top region only (hence the wire pieces and cavity can be well 

seen), and sole melting of the wire without dilution (this is a parameter-robust option, to 

just melt and quench the whole wire). The arrows point to pores. 

 

Figure 2: Series of vertical cross-sections of weld metal nuggets resulting from the snapshot-method, 
showing various dilution levels for different laser pulses: (a) strong dilution (cavity outlined, ramped 
from 12.5 to 3.33 kW over 5 s, held at 3.33 kW for 800 ms), (b) asymmetric partial dilution 

(1 kW for 30 0ms at focus), (c) top melting and low dilution only (3 kW for 600 ms, defocused 
+12z), (c) full wire melting and no dilution (3 kW for 800 ms, ramped for 4 s to 1.5 kW, then 

held for 1 s). 

Additionally, beam focus and irradiation duration have an effect on the dilution. Limiting 
radiation and melting to the filler material allows for evaluation of just the wire chemistry 

and cooling rate. With dilution of the base material, other elements not present in the filler 

material could influence the final microstructure. 

The micrograph in Figure 3(a), magnified in Fig. 3(b), shows hard microstructures of 
martensite and bainite accompanied by softer microstructures like Widmanstätten ferrite and 

polygonal ferrite. Some of the ferrite structures observed were in contact with a NMI, but 
not in an obvious manner to exclude other microstructures in favor of AF. The lack of a 
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larger percentage of AF would indicate that the cooling rates were too high. Pores (upper 
blue arrow) and NMIs (lower orange arrow) can be seen, which are surrounded by a halo 

of bright phase, a region that represents an elemental depletion zone. The majority of the 
inclusions are found in the light phase (polygonal ferrite) either being encapsulated or central 
to a number of grains. Figure 3(c), (d) show the differences in NMI size between the weld 

metal center and edge, respectively. Here the Olympus microscope provided clearer view 
on the NMIs while the above images, made with the Nikon microscope, had better visibility 

of the microstructures. The larger NMIs tend towards the grain boundaries while the smaller 
NMIs are found in the center of the grain. Pores and inclusions were observed in all pulses. 

The microstructures as well as the NMI number density and their distribution depended on 

the heat input and pulse duration. 

 

Figure 3: Microstructural cross sections of the weld metal: (a) central location, Nikon microscope, (b) 

same microscope, different location, higher  magnification, (c) another central location, Olympus 
microscope, with better visualization of NMIs, (d) same microscope, but location towards the nugget 

edge (all: pulse shape C in Fig. 6). 

Figure 4 shows the method to counting NMIs by sectioning of a micrograph, then selecting 
a threshold for NMIs, and filtering the NMIs from noise. From Fig. 4(c) the areas of the 

NMIs can be measured and counted, as a histogram. While this example is shown for NMIs, 
it can similarly determine the area fraction of the microstructural constituents, for which the 

grain boundaries are shown in Fig. 4(b). 



Robertson Paper I - Tailored filler metallurgy from thermal cycles 55 
 

 

 

Figure 4: (a) cross section of the weld metal (pulse shape A in Fig. 6), (b) selected section, after a first 
step of image processing, boundary grains also visualized, (c) same after a second step of image 

processing, to measure NMIs. 

Figure 5 is a series of HSIs, providing additional information on the process. The first seconds 
of HSI, Fig. 5(a), show the wires beginning to melt from the center, while the outer wires 

can be seen to be still solid. Later, Fig. 5(b), also the outer wires are molten. A vapor flow 
can be seen that disappears at a later stage, Fig. 5(c), and makes the melt surface well visible 

because the laser power is ramped down. After switching off the laser pulse, the melt nugget 
cools down, which can be seen from decreasing brightness, see Fig. 5(d). From such HSI for 

example the solidification front speed can be measured. While the here shown HSI originates 
from thermal process emissions, by employment of an illumination laser along with a narrow 

band emission blocking filter, different images with further information can be obtained. 
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Figure 5: High speed images (inclined view) of a snapshot process (pulse shape C in Fig. 6) for 
four time steps: (a) 0.080 s, (b) 2.600 s, (c) 6.156 s, and (d) 8.536 s; (a) and (b) are during 

the laser pulse, (c) and (d) afterwards. 

Figure 6 is a histogram of the NMI counts, from the shown three different pulse profiles A, 
B, C, taken over the same area. Preliminary parameter studies showed that ramping the 

power down avoids quenching and was thus studied further as longer cooling times are of 
more interest in respects to NMIs. In addition, the model confirmed that ramping down 

enables guided temperature decays, at least close to the surface. For each pulse, there is a 
decrease in the number of NMIs as the size of the NMIs increases. However, disregarding 

the underflow and overflow bins, there is a peak in all three profiles at 0.61 µm2 (or an 
average diameter of about 900 nm), bearing in mind that visible sections are normally at a 

random location, smaller than the inclusion as a whole. For these conditions, the NMIs 
preferably grow to this size, robust against different pulse duration and power level among 
the three pulses. Both Pulse A and Pulse B have a significant quenching step going from a 

laser power of 1.5 kW to having no laser emission. Pulse A has an extra second of exposure 
at the lower power. As there is a gradient of the microstructures and NMIs to the exterior, 

it is plausible that they are not depicted in this limited two-dimensional micrograph. Slight 
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offsets to the center of the melt nugget could also be the reason for the changes in the NMI 

count. 

 

Figure 6: Histogram of the area of inclusions (bin width 0.14 µm2) for the three shown pulse shapes 
A, B, and C. 

Pulse C has a more gradual decline than the previous pulses, having a less dramatic cut-off 

of laser power at 800 W. Pulse A caused finer grains than Pulse C. Clustering of smaller 
inclusions to form larger NMIs can take place which would be consistent with Ostwald 

ripening, the positive correlation of heat input to NMI size.  

Apart from HSI, the effects of the heat input can be recorded through measuring the 
temperature at known locations outside the process zone. Figure 7 is a depiction of the 
thermal curves recorded by three different types of measuring devices, at different locations: 

a type-K thermocouple probe, a sacrificial type-K thermocouple wire, and a pyrometer, 
alongside calculated values. The steps in the curves are due to the sampling rate of the 

equipment. The thermal cycles are steeper closer to the center, which is confirmed by the 
calculations that also explain a delay of the peak with increasing distance. Although the 

measurements and calculations provide useful accompanying information they bear 

uncertainties, to be reduced. 
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Figure 7: Thermal cycle measured by two different thermocouples (pulse shape: 1.21 s, ramp down 
from 3 kW to 1.5 kW) and a pyrometer, compared to calculation (square pulse, 1 s-pulse). 

The snapshot method demonstrates a new technique to rapidly test many different variables 

through a wide variety of wire and base metals, including even testing of powder.  

Limitations of the method, to be carefully considered or overcome (e.g. supported by 
numerical simulation), are limited thermal conductivity through the cavities between the 

wire pieces, uncertain absorptance particularly initially on the solid wire pieces, 

inhomogeneous material merging and yet thermal gradients in space.  

From pulse-tailoring desired thermal cycles can be identified, as a guideline to 
correspondingly improve the welding process, e.g. by post-heating or by suitable time and 

space management of multiple thermal cycles, e.g. in narrow gap multi-layer laser welding 
or even in additive manufacturing (AM). An example of the creative potential is to generate 

by a first pulse a well defined nugget with controlled dilution while a second pulse can 
independently induce the desired thermal cycle in the solid nugget. Because of its 

simplifications, the method provides good access for various measurements and supportive 
accurate CFD simulation is realistic, at least once the wire is molten. The advantages of laser 

beams are made use of, as a highly controllable tool with respect to energy, space and time. 

From systematic mapping a gradual improvement in the understanding of the links between 

thermal cycles, wire chemistry and obtained microstructure can be expected, in an efficient 
manner because of the high productivity of the method. Based on this understanding, 

optimization can be aimed at. Accompanying statistical evaluations can identify and improve 
the robustness, eventually for welding (or other processes). From improved wire chemistry 
and welding processes, through the microstructure improved mechanical properties are 

aimed at. 
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Conclusions 

(i) A new filler wire testing method was developed that enables to isolate mechanisms, to 
tailor the thermal cycle and microstructures by pulse shaping, representative for 

continuous welds, and to rapidly map parameter variations.  
(ii) Laser parameters were identified that provide good control over the cooling cycle, 

dilution and microstructures; wire nuggets can even be generated without dilution. 
(iii)The “snapshot” method has demonstrated that a characteristic size-distribution of non-

metallic inclusions is formed for specific pulse-ramping 
(iv) The method offers a wide spectrum of variants and applications, including additional 

experimental and theoretical information. 
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Abstract: 

Filler wire metallurgy was modified through temporally shaped laser pulses, controlling 

cooling cycles in a recently developed method. Trends were identified through efficient 

mapping while maintaining representative thermal cycles of welding processes. A primary 

pulse melted preplaced filler wires in a cavity, forming a nugget. A secondary ramp-down 

pulse elevated the nugget temperatures to re-austenisation followed by linear temperature 

decay, guiding the temperature through a regime to a desired microstructure. For three very 

high strength steel wire chemistries, quenching yielded smaller plates with cross-hatched 

microstructures, accompanied by grain boundary ferrite. Finer bainite microstructures started 

forming for fast linear temperature decay, about 250°C/s. Slower decay or a weaker third 

cycle led to less cross-hatching, coarser microstructure and coalescent sheaves. 

Keywords: filler wire, consumable, welding, thermal cycle, microstructure, cooling rate 

Introduction  

Systematic study of microstructures from weld wire consumables subjected to unique 

thermal cycles during the welding process is desirable for increased understanding of 

underlying mechanisms. Large compositional changes are seen in the weld metal 

microstructures and the heat affected zone (HAZ) after welding processes, in marginal lateral 

distances, due to local thermal histories. Additionally, variations in chemistry present 

challenging mechanisms to identify for the specific microstructural regions. 

High strength steel wire consumables are studied here, aiming to achieve high-toughness 

with improved understanding and advanced chemical concepts; particularly for quenched 

and tempered (Q+T) steel grades of yield strengths >960 MPa no consumables are 

commercially available. These steels can come in thick sheets that make it challenging to 

weld in a single pass manner, with either laser or arc processes. Thus, multi-layer techniques 

for a steel sheet of 30 mm has been developed and optimized [1], though the process means 

that each weld track is subjected to multiple heat cycles with varied cooling rates.  High 

cooling rates, or t8/5 of 0.6-1.3 s, with low heat inputs have yielded fine-grained 
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microstructures of upper and lower bainite (αb, αlb), martensitic islands (α’), polygonal ferrite 

(αl) and allotriomorphic ferrite (α) [2]. High toughness is contributed to acicular ferrite (αa), 

developing competitively to bainite, when non-metallic inclusions (NMI) are present [3]. 

When the NMIs have a minimum size of 0.2 μm [4], 10-36% of inclusions initiated αa-

nucleation [5].  Acceptable mechanical properties were reported for weld metals with tensile 

strengths up to 860 MPa [6]. The microstructure of a gas metal arc weld (GMAW), for a 

heat input of 1.8 kJ/mm and a post weld heat treatment (PWHT) of 600ºC for 2 h, consisted 

of tempered α’ and α; the Mn- and Cr-content was higher while the C- and Si-content was 

lower than the here studied consumables. For multi-layer processes, the thermal cycling can 

have an effect on the microstructure by either grain growth or recrystallization, depending 

on the temperature of the affected zone. The effects of thermal cycling were found to have 

a significant impact on the shape, size, and type of grains. [7] 

A similar challenge is the microstructure and toughness behaviour of weld metals for pipeline 

steel grades of at least grade X80 for cold climate operations, below -60ºC. Two wire 

chemistries with less Mn- and Ni-content than the here studied pipeline wire, were applied 

for GMAW of X80 at 5 m/min, [8] with 30% dilution, causing a microstructure of 

predominantly interlocking αa (accompanied by NMIs) with a fraction of grain boundary α 

and αI. When cooling rates of 20-30ºC/s occur, desirable acicular microstructures can be 

achieved, avoiding αI and α [9,10]. Keehan et al. [11] found that cooling times of t8/5=3-13 

s changed a mainly αlb- and α’-mix with interspersed coalesced bainite to a relatively fine 

αb- and αlb-mixture. Mo-additions enhanced αa-formation, having dual parallel lath 

morphologies [9], while two stage cooling promoted high volume fractions at lower cooling 

rates [10]. 

Ti-inclusions can inhibit the competitive formation of α, αl, and αW [10,12]. Ti-oxide, 

Ti-oxysulfide, and Ti-Ca-oxysulfide inclusions can influence austenite (γ) grain size and 

inclusion density, as can additions of S or Ca [12,13]. TiO- and TiN-inclusions are potent, 

low lattice mismatch nucleants. MnS is considered an inactive nucleant unless B was added. 

[14,15] An increase of Ti is beneficial to αa-nucleation, noting a limitation of Mn-long range 

diffusion [16]. 

Microstructures can be tailored either from the melt directly or through thermal post-heat 

treatments, altering an existing microstructure. The primary is exemplified by a furnace-

melted homogeneous sample subjected to heat treatment, having the transient metallurgy 

being observed in-situ (recording at 15 fps) by a high temperature-laser scanning confocal 

microscope during cooling, [17,18] or by a dipping technique of a ceramic-covered steel 

substrate into a melt [18]. The latter method was demonstrated with precise thermal 

equipment, like Gleeble systems, [19] to induce thermo-simulations of multilayer 

depositions, as shown by Fu et al. [20] for the observation of microstructural changes under 

carefully guided thermal treatments. The ability to isolate the thermal behaviour is of 
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significant importance to many fields, namely in AM that also is highly dependent on high 

quality parts. Yan et al. [21] studied and identified the thermal signatures that lead to 

characteristic microstructures and deformations. 

Applications using filler wire material cannot be modelled in the above manner. Altering 

microstructures can be achieved with prolonged cooling cycles, special wire chemistries, or 

through complex thermal cycling, the hereby demonstrated “Snapshot” method. Filler wire 

characterization is typically done through multiple, wide GMAW tracks, for extraction that 

is then mechanically tested via tensile and Charpy V-notch tests. The link from thermal 

cycles to microstructures is not provided by this method, and further, the sample is composed 

of heterogeneously melted wire under multiple heating cycles. Lalam et al. [22,23] created a 

neural network of weld metal properties in literature to initiate linking of mechanical 

properties (understood on a qualitative basis) of ferritic steel welds to the conditions that they 

experience, expressed as functions of chemical composition, heat input and PWHT. 

Recently a method was developed [24], denominated ”Snapshot”, to study the 

microstructure of wire consumables in an efficient manner, by drilling a hole into the base 

metal, placing wire pieces in it and generating a weld nugget through irradiation by a laser 

beam pulse. Provided the thermal cycle resembles the continuous welding process, the 

method offers in an easy manner many variations like temporal pulse shaping to study tailored 

thermal cycles, including multiple cycles.  

Thermocouples, pyrometers or thermal imaging can measure the thermal cycle experienced 

at a certain location of the welded metal, with limitations [25]. Here, for the Snapshot 

method it was preferred to apply a technique known as Dualscope, based on high speed 

imaging (HSI) where the camera image is split into two domains, each recording the process 

in a different spectral window, which enables the unknown emissivity to be cancelled out 

when deriving the temperature field. Similar methods are being developed with progression 

of more accurate emissivity identification [26]. Emission-based measurements are surface 

temperature limited, while computation fluid dynamics predicts volumetric temperature 

fields [27]. During welding the temperature field is altered by complex melt pool convection 

[25], depending on the driving forces, like Marangoni convection accelerated by surface 

tension gradients or flow initiated by laser-induced ablation pressure. Chemical 

inhomogeneity of the weld metal arises from dilution of the wire with the base metal. 

Investigations on the influence of different pulse shapes, and hence the thermal cycle, on the 

microstructure was examined for laser spot welding, employing combinations of ramping 

laser power, e.g. for dissimilar metals in dental applications [28].  

Here wire consumables for high strength structural steel, S960QL of yield strength 

>960 MPa and of pipeline grade X80 are studied, for welding techniques like laser arc 

hybrid welding (LAHW) that usually cause higher cooling rates than GMAW. The recently 

developed efficient Snapshot technique is demonstrated here for the first time for systematic 

study of microstructure trends depending on different thermal cycles. 
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Methodology 

The high productivity Snapshot method, [24] see Fig. 1, is used to study the effects of thermal 

cycles, tailored by laser pulse shaping, on microstructures in a manner representative of wire-

based welding. 

 

 

Figure 1. (a) Schematic of the “Snapshot” method (with: a – laser beam, b – inclination 

angle, c – focal plane position, d - hole with wire pieces, e - base metal,  f – Dualscope 

camera, (b) laser beam power as a function of time, schematically, for the pulse sequences: 

square pulse (duration t1) for melting, reheating pulse linearly ramped down (duration t2, 

four pulse variants indicated), optional second reheating pulse. 

Two commercially available solid high strength low alloy steel consumables were studied, 

designated by Lincoln Electric, namely LNM MoNiCr (EN ISO 16834-A: G 

Mn4Ni2CrMo), undermatching Q+T steel S960QL, and LNM MoNiVa (EN ISO 16834-

A: G M Mn3Ni1CrM), overmatching pipeline steel X80, see Tables 1,2 for the chemical 

and mechanical properties. A new experimental metal-cored wire was also studied, LNM 

MoNiCr-9X, which showed for its higher alloying an extraordinarily high impact strength. 

The base metal sheets (12 mm thick) were drilled to form cavities (diameter 5.5 mm, depth 

7 mm), see Fig. 1(a). The wires with diameters of 1.2 mm were cut to lengths of 8 mm.  
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A total of 16 cleaned wire pieces were vertically inserted into each cavity and the excess 

above the cavity rim was ground flush to the base material. A 1070 nm wavelength Yb:fibre 

laser (IPG YLR-15000, 15 kW cw – capable of pulses in >200 µs-steps) produced the laser 

beam that is, after a beam switch, directed into a processing fibre of 400 µm diameter (beam 

parameter product 14.6 mm·mrad) before being focused by the optics (Precitec YW52). The 

collimating and focusing lenses had focal lengths of 150 mm and 250 mm respectively. The 

beam was defocused by setting the focal plane 5 mm above the base material surface for the 

melting pulse and 45 mm for the reheating pulse (PRhI -PRhIV), which corresponded to a 

beam diameter on the surface of about 0.8 mm and 4.0 mm respectively. The optics were 

inclined 11º from the normal to the work piece surface to prevent back reflections. The 

shielding gas was Ar, 18 l/min, with a second cross jet 5 mm above the shielding gas tube.  

The wire bundle was irradiated by a melting, square pulse PS of 2 kW for 8 s, see Fig. 1(b), 

a method to produce a natural quench comparable to previous reference samples, yielding a 

solid nugget. These pulse parameters were identified to keep negligible dilution with the 

base metal. After cooling to room temperature, a second reheating pulse (PRh, that avoided 

melting) was used to elevate the nugget temperature field to either recrystallize new γ-grains 

(if exceeding austenising temperature A3) or modify the existing microstructure. By ramping 

the pulse power down linearly it is expected that, after a heating period, the surface 

temperature is guided down linearly, at constant cooling rate. Note that the here presented 

pulse cases for three consumables were part of a wider mapping of 88 cases, including 

additional pulse shapes, materials and dilution. 

For PRh, the laser beam power was linearly ramped down in four pulse shapes: PRhI, from 

400 to 200 W, t2=5 s; PRhII, 400-200 W, t2=10 s; PRhIII, 300-200 W, t2=5 s; PRhIV, 300-

200 W, t2=10 s. A second reheating cycle was also studied, PRh2 (e.g. as in multi-pass 

welding), repeating PRhIV, again after cooling, however displacing the beam 2 mm off-axis, 

to spatially generate manifold thermal cycle combinations across a single nugget, which will 

alter the microstructure further. Standard metallographic procedures were used to produce 

micrographs of the nugget cross sections (in the nugget centre, close to the surface). Cross 

sections were studied and compared, with particular respect to the different morphologies, 

to identify and discuss trends.  
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Additionally, a cold wire addition laser welded joint was made using a narrow gap multilayer 

welding (NGMLW) technique that was then sampled and prepared using metallographic 

procedures for microstructural evaluation to then be compared to the Snapshot method. The 

sample was composed of 30 mm thick S960QL (the same batch as used in the Snapshot 

method) with machined edges having a gap of 4 mm, that was first butt joint welded by 

autonomous laser beam welding at the 2 mm nose to prevent root humping (or root sagging). 

Then, 1.2 mm diameter LNM MoNiCr weld wire was fed at a rate of 3.8 m/min into the 

gap, using 6 kW continuous wave laser output power, traveling at a speed of 1.2 m/min to 

produce layer heights of 1 mm. The laser beam was defocused to a spot diameter of 4.5 mm. 

The Dualscope method with HSI was utilised to record the thermal cycles. This device splits 

the image from the camera (RedLake mono N4-S2, operated at 1000 fps, exposure time 

30 µs, resolution 260 µm/px) into a left hand and right hand image that have two different 

bandpass filters (width 40 nm), at 680 nm and 769 nm. By applying Planck’s law and from a 

calibration curve via a sample in a furnace, the temperature is calculated, per pixel and time 

step, from the ratio of the greyscale values between the filtered right hand and left hand 

images. The Dualscope method has advantages compared to other measurement methods, 

like contactless or cancelling out the uncertainty of the emissivity, but has limitations in the 

temperature range (for the most reliable range, 700-1200°C was chosen, via exposure time) 

and depending on certain conditions, like saturation. 

Results and Discussion 

The most significant microstructure trends of this first systematic Snapshot study are 

presented and discussed here, with respect to the aforementioned goals for weld metal 

properties. 

In Fig. 2(a,b), microstructures from multilayer GMAW (heat input 1.2 kJ/mm) are shown, 

as reference to LNM MoNiCr and LNM MoNiVa wire consumables. The cross-hatching 

microstructures indicate significant amount of αa, which is desirable for high toughness. 

Figure 2(c,d) shows a typical microstructure from the Snapshot method (at two 

magnifications, here for LNM MoNiCr-9X, by PRhI), tending to packages of parallel plates, 

oriented perpendicular to each other.  
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Figure 2. Micrographs of GMAW (a) LNM MoNiVa, (b) LNM MoNiCr; (c,d) laser 

melted LNM MoNiCr-9X, two magnifications. 

Figure 3 depicts the microstructures for natural quenching, PS, compared to reheating PRhI 

and PRhIV, for LNM MoNiCr, Fig. 3(a-c), and for LNM MoNiCr-9X, Fig. 3(d-f). 

Representative areas i-iii are highlighted. 

Figure 3. Micrographs of wires LNM MoNiCr (a-c) and LNM MoNiCr-9X (d-f); pulses: 

(a,d) PS, (b,e) PRhI, (c,f) PRhIV (typical areas i-iii, squares magnified). 
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Plate-like structures are seen in all micrographs, marked by area i, with conglomerates of 

plates into single packages in area ii. The plates occur either in a parallel arrangement, iii in 

Fig. 3(a), or in 60º orientations, iii in Fig. 3(d). For PRhI the plates become finer than for PS. 

In the case of PRhIV, Fig. 3(c,f) iii, the plates grew into each other (conglomeration) to join 

into a larger block, though in some regions it is still possible to see the secondary plates from 

a primary plate. This is exemplified in iii of Fig. 3(e) where the secondary plates impede 

onto neighbouring plates, forming a perpendicular cross-hatch, indicative of αa. Micro-

alloying elements in the filler material allow for interlocked dendritic structures to form, 

even for grain refinement in prolonged cooling conditions. Both wires were designed for 

high toughness and as such tend to form a combination of α’, bainite, and in sufficient 

cooling times, αa. High toughness can be expected from the interlocking structures found in 

both the natural quenching and the reheated samples. 

The enveloped dark phase appears to be NMIs. Larger segregations of dark phases appear to 

be martensitic in nature and are likely α’-islands left from the transformation process, or αlb. 

The higher alloyed wire LNM MoNiCr-9X behaved similar to LNM MoNiCr, with a 

slight tendency to more interlocking, finer plates and smaller packages. 

Micrographs when processing the pipeline wire are shown in Fig. 4. For quenching, thick, 

short plates (typically 2-4 µm wide, 5-15 µm long) were formed, in iii in Fig. 4(a), mostly 

interlocking, accompanied by αgb, ii (up to 10 µm thick) and by NMIs. PRhIV, Fig. 4(b), leads 

to fine plates (less than 1 µm thin, 15-20 µm long), to a lesser extent interlocking (often as a 

singlet or doublet plate), i, and partially parallel, iii, with less αgb, ii (rather 3-5 µm thin). A 

weaker second reheating pulse, Fig. 4(c), shows mainly parallel plates, ii, about 1 µm thin 

but coagulating to larger structures, i, in distinct blocks, while hardly any more grain 

boundaries can be seen, indicating tempering without re-austenisation. All samples show that 

a combination of parallel and cross-hatched plates is formed, though to different extent. For 

all three wire materials, for the reheating cycles, the trend favours parallel (on cost of 

interlocking) plates that join to form conglomerates with extended heating. 

 

Figure 4. Micrographs of wire LNM MoNiVa; pulses: (a) PS, (b) PRhIV, (c) PRh2 (typical 

areas i-iii, rectangles magnified). 

The surface of a processed nugget is seen in Fig. 5(a). The temperature measurement 

during natural quenching typically led to surface temperature fields as seen in Figs. 5(b,c). 
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Figure 5(d) shows a typical cooling cycle of the nugget surface after PS, slowing down. 

Figure 5(e) shows the thermal cycle during PRhI, showing an increase of the temperature 

(above A3, meaning recrystallization is realised), followed by an equilibrium/plateau and 

linear cooling. 

 

Figure 5. (a) Nugget surface appearance, (b),(c) measured temperature field at time 1.63 s 

and 1.81 s after switching-off PS, (d) measured temperature decay (maximum and local 

average temperature) after PS, quenching, (e) and after PRhI, showing a linear decay. 

Not measured but extrapolated is the subsequent quenching, towards martensite transition 

temperature, Ms. The measured linear cooling at (within limits) constant cooling rate is 

evidence of temperature control proportional to linear laser power ramp down, to generate 

a corresponding microstructure, systematically by the Snapshot method.  

More complex pulses could lead to a cooling cycle that is guided past the MS-temperature, 

demonstrating complete control of the tailoring of the microstructure, even extension of a 

time spent at a given temperature. The here generated microstructures show different 

morphology aspects than αa-based microstructures in literature. The latter result from a vast 

amount [2] of arc welding- and Gleeble-studies, mainly for lower strength wires and mostly 

for cooling rates in the range of 1-30°C/s (for t8/5), exceptionally up to 50°C/s. Here the 

metal experienced 50-300°C/s, representative for fast laser-based techniques like laser arc 

hybrid welding, causing typically 60-700°C/s. 

Comparison of the microstructures found in the Snapshot method to a NGMLW show 

similarities in the morphologies of the formed microstructures, Fig. 6. 
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Figure 6. Snapshot micrographs of a) PRhI b) PRhIII c) PRhIV utilizing LNM MoNiCr filler 

wire, and comparable microstructural constituents in the weld cap of a NGMLW (d-f) 

[different locations near the fusion line, increasing in lateral distance from d to f] using 

LNM MoNiCr filler wire, bounding boxes indicate morphological similarities. 

The composition of the NGMLW and the Snapshot is made up of bainites, ferrites, and 

martensite. The highlighted regions in Fig. 6 show where the morphologies of selected 

microstructures are similar, though the size of the grains and packets are different. 

Characterization of the morphologies are discussed further by Kaplan et al. [29], in a co-

current work of the Snapshot method. This can be contributed to different cooling rates of 

the sampled Snapshot method to the weld cap for this particular NGMLW sample. Using 

other pulse shapes to obtain different cooling rates would then be able to replicate different 

sections of a large weld for microstructural evaluations. 

Conclusions 

I. A recently developed testing method was demonstrated to enable efficient, systematic 

study of the impact of tailored thermal cycles on the microstructure of welding 

consumables, to be replicated in the welding process. 

II. Linear ramp-down of laser power enabled the decrease of surface temperature in a 

linear manner, at constant high cooling rate in the range 50-300°C/s, hence much 

faster than furnace-based methods and even including the molten state. 

III. For the new highly alloyed consumable and the two commercial steel wires at their 

respective application strength limit the main trends were similar; fast quenching of 

typically 200°C/s has caused short, thicker plates of widely random orientation, 

which can be favourable for high toughness. 



Robertson     Paper II - Microstructures of HSS from laser directed thermal cycles 73 

 

 

IV. Fast cooling at constant rate in the range 200-300°C/s caused more parallel, thinner 

plates, indicating bainite, while four times slower cooling generated coarser packets 

in which plates coagulated, even more pronounced for a weaker third pulse.  

V. Systematic representative mapping and improved understanding through the 

Snapshot method can facilitate optimisation of the filler wire chemistry, welding 

processes and hence the generated weld metal properties.  

VI. Comparable microstructural components were observed between the Snapshot 

method and a NGMLW having the same material composition. 
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Abstract 

Dilution is often an unavoidable consequence of fusion processing, i.e. welding, utilizing 

materials of different compositions. Proposed here is a novel method to produce controlled 

dilution experiments for analysis of the effects on microstructural trends that arise from 

diluting steel filler wire by steel base metal. Different microstructural compositions were 

realized previously in the processing of just the filler wire material through the same 

experimental simulation method, utilizing different heat cycles and cooling rates. The 

proposed method allows for the same controlled conditions with a known dilution value, 

pre-determined, from mass percentages of the additives. Base metal chips along with 

chopped filler wire are weighed and added to a prepared cavity to obtain specific mass 

percentages, and hence the dilution rates. The metal in the cavity is irradiated by a pulsed 

laser beam, melting the mixture that then solidifies into a uniform nugget. The pulse shape 

of the laser beam influences the cooling rate and can be controlled, allowing complex thermal 

cycles to be added in a systematic manner. This novel method is demonstrated for the 

dilution of S960QL steel by under-matched wire consumable, generally used to obtain high 

toughness in wire welding processes. Negligible contamination is obtained when the nugget 

does not fuse to the crucible, a significant benefit. Energy dispersive x-ray spectrometry 

determined that homogenous chemistry was obtained in the samples. Hardness values 

obtained for the different dilution levels relate to those seen in a narrow gap multi-layer laser 

weld, with a decreased dilution rate yielding a decreased hardness. An optical technique is 

used to measure the thermal cycle, a high speed RGB camera, to evaluate the relative spatial 

temperature of the nugget surface. Formed Snapshot microstructures are similar to those of 

a narrow gap multi-layer weld, with the former being evaluated further for non-metallic 

inclusion size distributions relating to the dilution levels. 

Keywords: dilution, multi-layer welding, Snapshot method, EDS 
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Introduction 

Microstructures of processed metals produced by metal fusion techniques, like laser beam 

welding, cladding, and metal printing, are a determining factor for mechanical properties. 

These processes can use multiple materials of different chemical composition that when 

molten mixes mainly by mass transfer, but also diffuses in the solid state. This ultimately 

generates new chemical compositions, which are not always homogenously mixed. The 

resulting microstructures in the fusion zone (FZ) and the heat affected zone (HAZ) can have 

large compositional changes over marginal distances due to this mixing, but the 

microstructures are also affected by local thermal histories. It is therefore a challenge to 

identify the relations of this complex interaction. Isolation of these mechanisms, and 

subsequently their control, would enable for more systematic welding studies to be made.  

Any processing technique where multiple materials are used will be affected by dilution. 

Dilution is discussed in dissimilar metal welding, researched by Kwok et al. [1] for alloying 

surface treatments, Yao [2] for steel-copper joints, Bahrami et al. [3] through mixing during 

gas tungsten arc welding, and simulated by Hofman et al. [4] for laser cladding. Clad layer 

profiles, created through wire arc additive manufacturing (WAAM), with composition 

distribution were also simulated by Hejripour et al. [5]. Material additions to joints, as seen 

with arc welding and laser-arc hybrid welding, is also impacted by filler material mixing 

throughout the joint and was studied by Bunaziv et al. [6] for thick sheet steels and a similar 

process was modelled by Zhou et al. [7]. AM can produce metal alloy gradients, taking 

advantage of dilution and diffusion effects, demonstrated by Hofmann et al. [8] through the 

continuous mixing of metal powders using the laser powder bed fusion (LPBF) technique, 

and confirmed by energy dispersive x-ray spectrometry (EDS). For AM processing, fusion 

between tracks causes mixing, leading to gradual mixing over tall structures, as it would with 

multi-layer welding techniques as shown by Näsström et al. [9] with a wire based direct 

energy deposition (DED) technique. This was similarly studied by Gan et al. [10] for a 

simulated DED process of a Co-based alloy onto steel where the profiles of Fe, C, Co, and 

Cr were impacted by Marangoni convections. 

Dilution is formed by having different materials melted and mixed through complex melt 

flow during processing, resulting in a certain morphology and elemental distribution. 

Dilution is typically measured through a geometrical calculation, a ratio of melted base metal 

(BM) over total volume of the weld track. This was used in the investigations of Muvvala et 

al. [11] for properties of laser cladded nickel based super alloys whose chemical compositions 

were determined by EDS. EDS is a tool to locally determine qualitative and quantitative 

dilution values for investigations into the impact on microstructures or phases [11–13]. X-

ray diffraction is another technique to determine the chemical characterization and phase 

composition of a material, as demonstrated by Li et al. [12]. X-ray transmission imaging is a 

process that can be used in situ, as demonstrated by Zhao et al. [14], showing concentration 

profiles of various elements. Chemical composition is one component influencing 
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microstructure, and hence mechanical properties. However, these techniques are very 

resource demanding and describe only local distributions of the small sampling region. The 

influence of dilution level under identical processing conditions on the resulting 

microstructures in relation to cooling rates can be found in e.g. a Narrow Gap Multi-layer 

Laser Weld (NGMLW), Fig. 1. The cross section in Fig. 1b is a NGMLW composed of 

S960QL base material, filled by LNM MoNiCr welding wire consumable. 

 
Figure 1: a) Schematic of narrow gap multi-layer welding with: a- laser beam, b- guided 

wire, c- previously welded track, and d- current weld track. b) cross section of a narrow 

gap weld. 

The cooling rate experienced in a fusion technique plays a role in the formation of 

microstructures, though more notably for when the chemical composition does not change. 

Controlled thermal cycles as well as diffusion studies can be conducted using Gleeble systems, 

though observing development from the molten state is challenging. Gleeble systems have 

cooling rates that mimic solidification processes between 800°C and 500°C (critical cooling 

interval with duration of t8/5) of 200°C/s, with rates up to 10,000°C/s achievable by 

additional quenching techniques only at the surface. Additionally, utilizing loose materials in 

the Gleeble system is not readily feasible (new holders have been developed for powder), 

though sintered powder was utilized by Mostafa et al. [15] in a simulated forging process. 

Process observation is also another challenge due to the limited space in the chamber of the 

Gleeble system, thus hindering examination of the melt flows. The melt pool flows influence 

the movement of the material and consequently influence the homogeneity of the resulting 

solid material. Sundqvist et al. [16] simulated volumetric temperature fields that can account 

for surface tension gradients (Maragoni flows) and their complex flows. Maragoni flows, 

studied by Abderrazak et al. [17] through computational fluid dynamics, are responsible for 

driving dilution homogeneity in the presented welding simulation Snapshot method and can 

be filmed, apart from studying weld cross sections. Additional to Marangoni-convections, 

keyhole ablation pressure can also influence melt pool flows, with Marangoni flows during 

laser hot-wire deposition processes being modelled by Wei et al. [18]. 
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The recently developed Snapshot method models filler wire welding processes from elevated 

melt temperatures through the solidification process, used previously to tailor 

microstructures through prolonged, laser guided cooling cycles by Robertson et al. [19]. 

This process has the potential to be adapted to include different filler-base material dilution 

rates. Utilizing the previously demonstrated controlled cooling, the effects of dilution on 

fusion zone microstructural developments can be isolated, while maintaining the controlled 

thermal cycling. By pre-measuring, the amount of elements processed to form a so-called 

nugget enables precise control (negligible material losses) of the composition to be thermally 

treated and evaluated. However, it is not known if these material additives in different shapes 

can be properly processed. Both these aspects will be investigated in this paper. In addition, 

Snapshot samples having different levels of dilution under a certain temperature cycle, are 

validated with microstructures found in a NGMLW using the same base and filler materials. 

Methodology 

Thick sheets (coupons, 200 mm x 500 mm x 30 mm) of S960QL are joined by NGMLW 

with a gap width of 4 mm by 30 layers, utilizing a standard under-matched high strength 

steel (HSS) welding wire, designated by Lincoln Electric as LNM MoNiCr. The chemical 

composition and mechanical properties of the BM and wire consumable are given in Table 

1 and Table 2 respectively.  

The 1.2 mm diameter weld wire was deposited at a rate of 3.8 m/min while using a 

continuous wave laser output power of 6 kW (having a maximum power output of 15 kW) 

and a travel speed of 1.2 m/min. The laser beam is generated by an IPG YRL-15000 Yb:fiber 

laser (15 kW, beam parameter product 10.3 mm·mrad, feeding fiber diameter 200 μm) with 

a wavelength of 1070 nm. After exiting the beam switch, to a processing fiber of 400 μm, 

the beam parameter product is 14.6 mm·mrad. The laser beam is then focused by a 150 and 

250 mm collimating and focusing lens respectively, in a Precitec YW52 optics generating a 

beam spot of 0.66 mm. The sheet edges are prepared in a manner to give a square butt joint 
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in the bottom of the sheet, while having a constant gap in the rest of the sheet. The sheet 

preparation prevents root humping (or root sagging) and the bottom of the joint (the nose) 

is laser keyhole welded. 

To calculate the dilution of BM into the filler material in the fusion zone, traditional 

measures are employed. Dilution is normally performed by bead on plate experiments or 

through the calculation estimate from existing welds, where it is calculated as the area of the 

BM melted over the total volume of the track, e.g. as shown in Fig. 2 as the region i for the 

melted BM, and region ii as the added material. This method comes with some drawbacks, 

such as correctly determining the regions, e.g. amount filler material actually deposited, 

material mixing, diffusion of elements from the unmelted BM. To know the impact of BM 

dilution in the weld zone can therefore become uncertain. 

 
Figure 2: Macrograph of the NGMLW cap with the melted BM region i, added filler 

material region ii, boundaries between layers, and the sheet edges indicated. 

To improve certainty of microstructural development in the weld zone depending on 

amount of material dilution, the Snapshot method can be used. Originally presented by 

Robertson et al. [19], Fig. 3a shows the original setup to produce weld nuggets with known 

composition and controllable cooling rates while avoiding BM dilution. By altering the 

setup, dilution rates can be tested, for example by enlarging or displacing the laser beam to 

have symmetric (Fig. 3b) or asymmetric (Fig. 3c) material mixing zones.  

 
Figure 3: The cross-section of the Snapshot method with wire, irradiating a) only the wires 

to produce a pure nugget, while b) and c) shows how to dilute from the BM symmetrically 

and asymmetrically, respectively by depicting the processing zones with dashed lines. 
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However, similar to NGMLW cases, the amount of BM and wire melting is difficult to 

control, likewise knowing to which extent the material mixes or diffuses. Therefore, another 

suggested approach is to produce sample nuggets with known mass and pre-determined 

dilution rates of its individual components. 

The proposed novel method is an alternate procedure of filling the cavity, while using a 

similar laser setup as shown in Fig. 3a. By producing smaller pieces of filler wire and BM, 

the amount of materials is measured by weight and combined to result in a pre-determined 

dilution rate. The Snapshots are produced by first drilling a cavity (5.5 mm diameter and 7 

mm in depth) into a base plate (here of S960QL) and collecting the machining chips, without 

the use of lubricating fluid. The chips are cleaned with acetone to reduce cross 

contamination. The collected chips are broken down into smaller chips with an approximate 

area of 1 mm2. The filler material, solid LNM MoNiCr HSS wire, is also cleaned with 

acetone before being cut into 1 mm lengths. Note that slight oxidation of the small pieces 

can still be expected. 

The BM dilution rates are calculated by the amount of wire material that is added to the 

BM, with reported rates given as BM percentages in the nugget. The BM chips are divided 

into two groups of equal mass. One-half is added to the bottom of the cavity and then 

compacted with a 5.5 mm diameter pin. The wire clippings are added, followed by the 

remainder of the BM chips. The material is compacted a second time, with particular care 

to form a flat surface for laser processing. This layering technique, shown in Fig. 4, allowed 

for complete melting in the preliminary trails while facilitating the lack of fusion 

characteristic. A square pulse of 2 kW laser output power is applied to the surface, defocused 

12 mm from the base plate, for 750 ms. The laser beam is emitted from the same laser system 

and optics used to produce the NGMLW. 

 
Figure 4: Side view schematic of the layered Snapshot “sandwich” technique with: a. BM 

chips, b. wire clippings, c. camera, d. laser beam, e. affected zone, and f. the BM crucible 

with drilled hole. 

The pre-measured BM dilution rates for the presented samples are given in Table 3 with the 

expected chemical compositions given in Table 4.  
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Table 3: Material masses used to determine dilution of the eight produced Snapshot 

nuggets 

Sample Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 

BM chips [g] 0.16 0.17 0.18 0.18 0.12 0.12 0.10 0.10 

Wire [g] 0.00 0.00 0.02 0.02 0.11 0.11 0.20 0.20 
Total mass [g] 0.16 0.17 0.20 0.20 0.23 0.23 0.30 0.30 

% Dilution 100 100 90 90 52 52 33 33 

 

Table 4: Theoretical chemical composition of the diluted samples with given BM % 

dilution (balance Fe) 

 % Dilution C Si  Mn P  S  Cu   Cr  Ni  Mo B  

90 0.19 0.53 1.62 0.018 0.009 0.27 0.75 2.02 0.69 0.005 

52 0.15 0.64 1.70 0.010 0.005 0.16 0.56 2.10 0.63 0.003 

33 0.13 0.70 1.73 0.007 0.003 0.10 0.47 2.13 0.60 0.002 

 

The process is filmed from an inclined angle by a high speed camera (3-CCD RGB-camera, 

DFK37BUX287), to monitor the process. In addition, the captured videos can be post-

processed into temperature maps. Using the principle of Two-Color (TC) pyrometry applied 

to a RGB-camera, absolute temperatures can be found by interpolation of the measured red-

blue channel intensity ratio into a calibration curve, a process outlined by Berndtsson [20]. 

The determination of the temperature arises from Planck’s law, using the ratio of the 

intensities of thermal radiation emitted by a body to determine the temperature. The 

temperature transform is performed using a MATlab programmed algorithm and the image 

sequence is captured after the laser beam irradiation ends. 

Ideally, the resulting sample is materially independent from the cavity (not fused to the 

surface) and is fully melted. The NGMLW and the snapshot samples were then mounted 

and polished via standard metallographic procedures for microstructural analysis. Nital acid 

was used for etching all samples, including the NGMLW sample. Micrographs of the nuggets 

are taken at the center of the surface exposed to the laser beam and in the center of the 

nugget mass by an Olympus VANOXT optical microscope. Micrographs are then used in 

combination with MATLab and ImageJ software algorithms for determining NMI size 

distributions. NMIs are counted by determining the color threshold of the NMI, 

encompassing the area of the NMI and converting the image to a black and white image. 

The total area is extracted and sorted for trends. The samples were analyzed with scanning 

electron microscopy (JEOL IT300LV) and EDS to reveal the element distribution by EDS 

mapping. Hardness measurements were taken, using a 200 gf indentation over 10 s. To 

evaluate the novel Snapshot procedure to a real related weld, microstructure development is 

compared to the NGMLW sample, having similar heat cycle during processing. 
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Results and discussion 

Microstructural evaluation began first with the marking of layer (track) boundaries in the 

macrostructure of the NGMLW. The regions identified include previous joint boundary 

(the sheet edge) and the melted zones, reference Fig. 2. Boundaries between the melted BM 

(region i) and the filler material (region ii) were outlined. Region i is expected to be rich in 

BM and BM dilution being the dominate dilution, while Region ii can be described as a 

dilution of the filler material as it has a majority of filler material.  The width of the fusion 

zone is larger than the 4 mm gap prior to welding. Additionally, the visible area of the weld 

cap is significantly larger than the previous layers due to the re-melting of the underlying 

track. The amount of re-melting of the previous layers is approximated to be at least 50% 

due to the area difference between the weld cap and the other layers. Evaluation of the 

NGMLW sample and of two Snapshot nugget samples by EDS are presented in Fig. 5, 

showing the elemental mappings of Mn, Cr, and Si for the Snapshot samples with 90% BM 

dilution (Q4), 52% BM dilution (Q6) and the NGMLW sample. 

 
Figure 5: EDS elemental distribution of Mn, Cr, and Si for nugget cross-sections Q4 (a-c), 

Q6 (d-f) and the NGMLW (g-i) with highlights to layer boundaries. The NGMLW 

shown here is the upper left section from Fig. 2. 

Both Snapshot samples, Q4 with 90% BM dilution (Fig. 5 a-c) and Q6 with 52% BM 

dilution (Fig. 5 d-f) show an even distribution of the elements throughout the weld metal 
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with sparse larger clusters. The few larger clusters of Mn and Si are likely due to the 

formation of NMIs. In Fig. 5g and Fig. 5i, a moderate gradient in the intensity of the 

elements can be seen for the NGMLW; a trend of increasing intensity concentration is found 

for both Mn and Si that correlates to the increased concentration of these elements in the 

filler wire according to Table 1. Clusters of Mn and Si are noted, which are likely due to 

the formation of NMIs as these elements are commonly found in NMI compositions [21]. 

Inversely, the gradient in Fig. 5h shows a decrease in the concentration of Cr from the BM 

to the weld metal. In the region that encompasses the molten material, the distribution of 

elements appears uniform, with the greatest distinction of the gradient occurring at the fusion 

line. These trends are highlighted further in Fig. 6 for the Snapshot method and Fig. 7 for 

the NGMLW. 

 
Figure 6: a) SEM image of the Q4 sample with sampling box where the elemental counts 

were evaluated. b) the vertically averaged grayscale threshold of the elements Mn, Si, and 

Cr in the sampling box, with the moving average included, where the higher value 

correlates to a higher elemental count. 

Observing the sampling region in Fig. 6a (the original SEM image), three elements were 

evaluated for the averaged grayscale value over the lateral distance. The values are averaged 

vertically, with a new point corresponding to pixel movement in the lateral direction. The 

higher the averaged value, the higher the concentration of positive identifications for the 

element. A moving average of 5 was used to reduce sampling noise. As seen in Fig. 6b, there 

are small variations across the sample though the moving average tends to be stable across 

the sampled area. The visual and elemental distribution supports the thorough and 

homogenous mixing of materials by the newly modified Snapshot procedure. 

As expected, for the NGMLW sample, a gradient is observed in the measured elements. In 

Fig. 7a, the EDS sample for Cr can be observed with marked regions evaluating the sample 

as a whole from the BM to the weld metal as well as specific regions related to the top, 

middle, and bottom of the weld cap. The entire sample region shows that the BM has a 
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higher concentration of Cr while the weld metal has comparatively little. This trend is also 

observed for the three smaller sample regions, with Region 3 (bottom of the weld cap) 

having the largest gradient and Region 1 having the smallest. A discrepancy between gradient 

at the top of the weld layer and the bottom is likely due to the more complex flows of the 

melt pool and the lower density of chromium.  

 
Figure 7: a) Cr elemental distribution of the NGMLW sample with bounding box for the 

larger region including BM and weld metal with three narrowed regions 1, 2, 3 in the top, 

middle and bottom of the sample. The gray scale values of b) the large bounding box, c) 

the regions 1-3 where the higher value represents an increased concentration. 

The even gradients that exist within the NGMLW, near the fusion line, are consistent with 

diffusion in the solid state, where the sample moves towards equilibrium distribution while 

sufficient thermal energy is present. The even distribution of elements can be realized in the 

fully molten material, with forces like buoyancy, surface tension gradients  and ablation forces 

(due to the keyhole formation during processing) acting upon the melt and driving material 

mixing. NGMLW is a technique that is based on conduction mode welding and normally 

avoids keyhole formation; while the Snapshot method can utilize both conduction and 

keyhole welding modes, though conduction mode is preferred for thermal cycling control. 

For the presented cases, keyhole formation was observed. Non-uniform conditions, like over 

melting of the BM and track position, influences the local composition i.e. the first layer 

above the nose melts more BM than the subsequent layers, melting from the gap edges and 

the nose. The following layers melt the wire material, the gap edges and the underlying 

layer. Thus, even though uniform distribution of elements can be achieved in the melt, 



Robertson  Paper III – Pre-determined dilution of HSS by Snapshot method        89 

 

 

gradients can be found at the fusion line or throughout the depth of the weld. Similarly, a 

change in the hardness of the NGMLW sample was observed throughout the weld depth. 

The hardness profile shows that the weld cap has a higher hardness than the majority of the 

weld, with one region near 20 mm in depth showing a spike in hardness, Fig. 8b. Softening 

of the lower tracks was expected as processes like tempering can occur as well as grain growth 

and recrystallization (both allowing for microstructures other than martensite to be 

observed). High hardness was also observed in the Snapshot method samples (Fig. 8c), similar 

to those seen in the weld cap. The Snapshot sample is air quenched from all points other 

than where it rests on the cavity, thus nearly the entire surface is quenched at the same time. 

As the surface is quenched, the Snapshot sample is expected to cool rapidly in a radial 

manner. Since the nuggets only undergo one heating cycle, they are not tempered in the 

way that the lower tracks of a NGMLW are, they should have a higher hardness than the 

re-heated tracks of the NGMLW.  

 
Figure 8: a) macrograph of NGMLW sample with hardness measurement path yielding b) 

hardness profile in 0.5 mm increments. c) box and whisker plot of the hardness values from 

Q2, Q4, Q6, Q8, and the NGMLW. 

Overall, decreasing hardness values corresponded to a decrease in BM dilution, a larger 

amount of wire material related to a lower hardness value. The average hardness was 

determined to be 440 HV0.2 for the 33% BM diluted samples, where the pure BM samples 

had an average hardness of over 500 HV0.2. 

Two micrographs from samples Q4 and Q6, having 90% and 52% BM dilution are presented 

in Fig. 9a-b respectively, with a comparison to the NGMLW microstructure in Fig. 9c. 
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Figure 9: Nugget microstructures with BMD of a) 90% (Q4), b) 52% (Q6), and c) 

NGMLW microstructure. 

Produced nuggets having 90% BM (Q3, Q4) have a microstructural composition of mostly 

bainite, lower and coalesced, while the samples having 52% BM (Q5, Q6) have more 

coalesced bainite with small islands of lower bainite. When the BM dilution is 33%, there 

are large packets of bainite and ferrite. These same microstructural constituents can be found 

in the NGMLW (Fig. 9c) where larger structures of bainite and ferrite can be seen. The 

different microstructures appear to correspond to the hardness measurements of the samples, 

with the coarser microstructures exhibiting a lower hardness.  

Throughout the weld, comparable microstructures can be found, both near the fusion line 

(the site of the original joint edge) and in the lower layers of the weld. The weld cap is made 

up of finer grained structures of bainite, ferrite, and martensitic islands near the edge while 

larger grains of the same microstructures are seen in the center of the weld bead. Determining 

whether the thermal effect or the chemical composition of the location had a greater effect 

is difficult to distinguish, as both are important factors. The smaller grains in the weld cap 

were expected compared to the grains seen in lower tracks due to the air quenching of the 

weld cap and the elevated temperatures experienced by previous weld tracks allowing for 

tempering, grain-growth, and recrystallization to occur. 

From the observed elemental distribution, as well as process imaging, the expected process 

behavior of the Snapshot method was depicted in Fig. 10 with an optional, additional heating 

cycle for tempering or microstructural reformation shown in Fig. 10e. The additional heating 

cycle was not performed in this study.  
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Figure 10: Schematic of the expected process mechanisms, a) first illumination by laser 

beam, b) the material begins melting, c) fully melted and mixing achieved, d) terminated 

irradiation/cooling with thermal gradients, and e) additional thermal processing by an 

optional second pulse for complex thermal cycling. 

The sequential time scale used in Fig. 10, is relative and dependent on laser beam power 

density (heat input), but is representative of the process overall. The laser beam interacts with 

the substrate material put into the drilled cavity, melting the upper layers. Convection 

motions then stir the completely molten material as it gradually melts the underlying 

material. When the material is molten, heat input is stopped and the nugget is allowed to 

cool (Fig. 10d), ideally by air quenching over the entire sample surface in a 3-dimensional 

manner instead of air quenching on the top of the sample and self-quenching on the sides in 

contact with the steel sheet. 

Microstructure development is firstly dependent on the chemistry of the material, as the 

presence of certain elements aid or hinder the formation of particular constituents. When 

the composition does not change, the cooling rate influences the size and quantities of the 

microstructural constituents. Thermal cycles are often replicated by Gleeble systems, yielding 

microstructurally uniform samples. Moeinifar et al. [22], simulated varied cooling rates of 

multiple submerged arc welding cycles with this technique. Multi-layer deposition after an 

initial thermal pre-treatment was simulated by Fu et al. [23]. However, these cases do not 

observe the formation process from the original melt like it was in the presented experiments, 

they experience multiple heating cycles. Wan et al. [24] observed melt originated 

microstructures through high temperature-laser scanning confocal microscopy, while Loder 

et al. [21] used ceramic-coated steel substrates, as opposed to Nunura et al. [25] who used 

thermocouples. Temperature measurement devices like thermocouples and pyrometers have 

been used during laser processing as shown by Sundqvist et al. [16]. Devesse et al. [26] used 

more advanced methods that have more accurate emissivity identification than other optical 

measurements. The RGB camera utilized in this experiment, both allowed the observation 

of the liquid movement through tracking of surface impurities as well as the extraction of 

temperature data from the infrared thermal emissions. 

The directional fluid movements theorized in Fig. 10c can be observed at the surface through 

imaging techniques like the RBG camera used in these experiments and is shown in Fig. 

11a, where the movement of oxides on the surface are seen. Figure 10d shows the generated 
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thermal fields that may occur in the non-fused sample from the Snapshot method. The non-

fused sample is surrounded by air, though it is in minimal contact with the cavity where it 

rests due to surface tensions forming a spherical shape. The nugget cools evenly having 

thermal gradients that are radially symmetric. 

 
Figure 11: a) Raw image sequencing from the inclined view of the melt pool surface of a 

Snapshot sample by an RGB camera with an oxide highlighted in the first frame, with its 

previous location highlighted in subsequent frames by dashed lines. b) Derived relative 

thermal maps from the RGB camera images. 

Figure 11b shows the extracted temperature fields from the data acquired from the same 

sequence as in Fig. 11a, where the minimum temperature is ~1500°C and the maximum is 

~1700°C. The temperature fields reveal that the bright spots are cooler regions, which likely 

consist of solidified floating oxides on the melt surface, obstructing heat radiation from 

emitting from the melt towards the camera. Further evaluation is needed to use the RGB 

camera for exact temperature extraction, which is currently limited due to the actual camera 

characteristics and to the unknowns of spectral emissions of the steel. As indicated by optical 

and thermographic imaging, small surface movements occur during processing. In addition 

to the EDS measurements, these fluid movements support convection-based mixing of the 

materials, where Mn, Cr, and Si distributions demonstrate a thorough mixing of BM and 

the filler wire.  

To measure temperatures on the surface, optical methods are preferred, despite being limited 

to surface measurements, as they can provide a spatial resolution of the temperature field and 

do not influence or obstruct the processing, Fig. 11b. However, optical measurements are 

difficult to get very accurate since it requires many calibrations and has optimum suitability 

only in certain temperature regimes. The laser processing in this case required very short 

exposure times to capture the high spectral emissions of the event. These challenges were 
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similar to those experienced by Hooper [27] for spatial and temporal resolution of the melt 

pool of a laser processed powder bed, namely the processing speeds and excessive process 

light. 

Here, the camera response time at the low exposure rates measured ratio intensities that were 

not in the optimal region of the calibration curve. Imaging during the laser pulse period was 

hindered by the spectral emissions through the metal gases while the laser radiation is being 

emitted which resulted in some image saturation (even at the shortest possible exposure 

time). This meant that the absolute temperatures during laser irradiation were not extracted, 

but rather a relative temperature map was derived. Further description of the calculation 

procedures is given by Berndtsson [20]. 

The presence of non-metallic inclusions (NMIs) provides an additional method to evaluate 

the effects of chemical composition for a given thermal cycle. The chosen filler material 

utilized promotes the formation of NMIs in long thermal cycles, similarly studied by 

Robertson et al. [19]. Thus, it was expected that for large quantities of the filler wire that 

contain NMI forming elements, there would be a corresponding increase in the number of 

NMIs. For the given laser process, NMIs were found to form in the presented short thermal 

cycling. From the sampling area of 125x94 μm2 in the center of the nugget, the size 

distribution (limited to the inclusions over 0.031 μm2) based on the dilution level is presented 

in Fig. 12.  

 
Figure 12: Size distribution of NMIs in the snapshot weld nuggets in relation to BM 

dilution level for: 100%, 90% and 52%. 

Inclusions were formed in all welded samples, where the samples that contain filler material 

having an increasingly larger size. The total NMI count was dominated by the smallest size 

NMIs (from 0.031-0.36 µm2) with counts of the samples given as: 1029 for the processed 

BM sample, 1817 for the 90% BM, and 2407 for the 52% BM sample. As was previously 

studied by Robertson et al. [58], the NMIs were observed in multiple thermal cycles. The 

observation and study of NMIs was chosen as the presence of NMIs can lead to the higher 
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potential of acicular ferrite formation. Acicular ferrite is a fine-grained microstructure that 

can increase the toughness of a welded joint through retarding crack propagation.  

The Snapshot method has here been shown to be able to produce weld nuggets with 

different mixing degrees of filler material and BM, that are homogenously mixed and can be 

treated for different heat cycles. This potentially enables production of small-scale fusion 

samples (representative of welded samples) with different elemental additions (i.e. addition 

of pure elements) and production of small test batches with varying chemical compositions 

for a wide range of cooling cycles. Therefore, if accurate temperature measurement and 

process control is used, this technique potentially enables more systematic and in turn 

scientific dilution experiments and investigations to be conducted. 

Conclusions 

• Processing of geometrically non-uniform additions of milled base metal chips and cut 

wires using the Snapshot method produced small, manageable, chemically uniform 

nugget samples 

• A pre-determined ratio of base metal to filler material enabled a more systematic and 

therefore a scientific dilution investigations than bead on plate experiments and other 

methods 

• Representative and comparable microstructures of relevance were found for comparing 

the Snapshot nuggets with a narrow gap multi-layer weld sample 

• Decreased amount of base metal (decreased dilution) resulted in larger microstructures 

and decreased hardness 

• Decreased wire content correlated to a decreased amount of non-metallic inclusions, 

with the large inclusions observed only in the 52% BM sample.    
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