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ABSTRACT 

Additive manufacturing (AM) is becoming of great interest due to the ability to create 

one of a kind, complex components in a relatively rapid manner. However, applications of AM 

components are limited because little is known about the welding behavior of such components 

and, therefore, these components are limited to applications where a joint is not required. The 

laser welding behavior of AM 304L is compared to wrought 304L since the weldability of 

Type 304L is well known. Spot weld and bead-on-plate laser welds were generated using a 1070 

nm Ytterbium-fiber laser with varying parameters to create a range of microstructures. 

Laser-matter coupling is typically a function of alloy composition, surface roughness, and 

process parameters. Thus, laser coupling efficiency was measured for 10 ms spot welds made in 

wrought 304L, AM 304L, and wrought 17-4 martensitic stainless steel. The coupling efficiency 

was found not to depend strongly on microstructure, composition, or residual stress. The 

variables that had the largest impact on coupling efficiency was laser power and surface 

roughness. As laser power increased, the coupling efficiency increased. A higher surface 

roughness allowed for multiple reflections to take place at lower laser inputs, thereby increasing 

the coupling efficiency. The welding behavior of AM 304L stainless steel was similar to wrought 

304L stainless steels at low laser powers and short welding times. The weld widths and weld 

depths for spot welds and bead-on-plate welds made in wrought and AM 304L were similar. 

However, for bead-on-plate welds differences occurred at higher laser powers and low travel 

speeds. At higher heat inputs, the conduction region of welds made in AM 304L were “V” 

shaped while welds in wrought 304L were “U” shaped. The keyhole width was wider in welds 

produced in AM 304L compared to welds made in wrought 304L.  

The weld solidification behavior of AM 304L is different from wrought 304L. Spot welds 

produced in AM 304L exhibited dual solidification modes of primary austenite and primary 

ferrite modes, while spot welds produced in wrought 304L exhibited only one solidification 

mode, which was primary ferrite mode. The weld microstructures were controlled by 

composition and solidification rates which resulted in different solidification behavior. The 

solidification rate increased as the solid/liquid interface approached the center of the weld. Given 

the compositional differences between wrought and AM 304L, an increase in solidification rate 

shifted solidification mode from primary ferrite to primary austenite. The composition of 

wrought 304L was such that primary ferrite solidification was maintained with increasing 
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solidification rate. For bead-on-plate welds, the microstructure of welds made in AM 304L 

solidified as primary austenite as planar and cellular solidification. Due to solute segregation and 

an increase in solidification rate, the weld shifted to solidify as primary ferrite dendrites that 

transformed to austenite with discontinuous vermicular and lathy ferrite. Bead-on-plate welds 

produced in wrought 304L, solidified as primary ferrite dendrites that transformed to austenite 

with continuous networks of vermicular and lathy ferrite.  
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CHAPTER 1 INTRODUCTION 

1.1 Project Motivation 

Additive manufacturing (AM) has sparked much interest for industrial applications due to 

the ability to create one of a kind, complex components in a relatively rapid manner compared to 

subtractive methods. However, little is known about the welding and joining behavior of AM 

components to other AM, wrought, or cast components. Thus, applications to implement AM 

components are limited to locations where a weld joint is not necessary. There are many factors 

of the AM process that are of concern for the welding and joining quality of AM components. 

These factors include: the build parameters, chemical composition of feedstock material, thermal 

history of the component, texture, and residual stresses. To understand the effects of the build 

parameters on the quality of AM components, in depth microstructural characterization is 

necessary.  

Austenitic stainless steels have a wide range of grades and properties resulting in a wide 

range of applications. Austenitic grades generally have good ductility, impact toughness, and 

elongation. Due to the wide range of properties and applications, austenitic stainless steels are a 

viable material suitable for additive manufacturing. Weldability of type 304L stainless steel is 

well known and therefore will provide good background when considering the weldability of an 

additively manufactured 304L stainless steel. 

 

1.2 Project Goal 

This aim of this project is to understand the effects of the build process on the AM 

microstructure and resulting laser welding behavior. This understanding was achieved in three 

steps. The first step is to develop an understanding of the base material to determine what factors 

would affect welding. An in-depth characterization of the AM components was performed, 

focusing on the scan strategy, composition, and microstructure. The second step is to determine 

if the laser interacts with wrought and AM 304L stainless steel in the same manner. If there are 

welding differences, this variable needs to be eliminated. To achieve this step, the laser coupling 

efficiency, dynamic absorptance, and the time to establish a keyhole was analyzed. Finally, the 

third step is to characterize the welding and solidification behavior. High speed videos were 
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collected to analyze the molten pool behavior. The solidification modes and weld 

microstructures were subsequently characterized.  
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CHAPTER 2 BACKGROUND 

 This chapter discusses the effect of composition on the microstructures of austenitic 

stainless steel in the wrought form, as laser welded, and as additively manufactured.  

 

2.1 Stainless Steels 

Stainless steels are defined as highly alloyed steels with chromium contents above about 

11 wt.% and carbon contents less than 0.15 wt.%. The large amount of chromium is necessary to 

produce a passive oxide film on the surface that prevents further oxidation of the underlying 

metal [1]. Stainless steels are organized by the microstructural phases that form. There are five 

general types of stainless steels which are martensitic, ferritic, austenitic, duplex, and 

precipitation hardened (PH). The three main phases that can form in a stainless steel are, ferrite, 

martensite, and austenite. Duplex stainless steels contain a mixture of austenite and ferrite and 

PH stainless steels designate those stainless steels that contain strengthening precipitates. Of the 

five types of stainless steels, the austenitic grades embody the largest of the general groups of 

stainless steels [1].  

Stainless steels have a wide range of grades and properties and, therefore, are used in a 

variety of applications. Stainless steels are commonly found in the home within the kitchen and 

laundry because of their resistance to tarnish. Stainless steels are more commonly found in 

architecture due to their durability and nearly maintenance-free surface [2]. Transportation 

systems use stainless steels in exhaust pipes for corrosion resistance and in car bodies due to 

their strength and dent resistance. Power generation and aerospace uses many grades of stainless 

steels that are incorporated in gas turbines, nozzles, nuclear power generating equipment, and 

structural parts. For example, martensitic and PH stainless steels are used in rotating parts or 

bolting, and austenitic stainless steels are used in low stress, higher temperature components [2]. 

Stainless steels can be found in numerous applications in the agricultural and textile industries, in 

the chemical plants, and as hospital and surgical equipment.  

 

2.1.1 Effect of Alloying Elements 

Stainless steels typically maintain chromium and carbon for ferritic and martensitic 

grades; austenitic and duplex grades contain high amounts of nickel. Other alloying additions are 
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meant to influence microstructure, improve corrosion resistance, or promote a specific physical 

property. Most of the following information was provided by E. Folkhard [3]. 

 

2.1.1.1 Chromium 

 Chromium is a ferrite-stabilizing element that provides some solid-solution strengthening 

within the iron matrix. Chromium also provides corrosion resistance for stainless steels. It has a 

higher affinity for oxygen than iron. Therefore, the addition of chromium helps to stabilize the 

oxide (Fe, Cr)2O3 on the surface of the stainless steel. In ferritic stainless steels, high levels of 

chromium can be detrimental to toughness and ductility [1]. Therefore, additional alloying 

elements must be considered carefully. Chromium can readily form secondary phases such as 

carbides and nitrides which are detrimental to the corrosion resistance and potentially the 

mechanical properties. Therefore, the amount of carbon and nitrogen additions should be limited 

to avoid precipitation of these phases. Chromium can also form intermetallic compounds such as 

sigma, chi, and Laves phase, which can cause embrittlement. Heat treatment of stainless steels 

must be controlled to avoid the precipitation of these intermetallic phases. 

  

2.1.1.2 Nickel 

 Nickel is an austenite-stabilizing element and solid-solution strengthener. Its main 

function is to promote and stabilize austenite at room temperature for austenitic and duplex grade 

stainless steels. Nickel is known to improve toughness in martensitic and ferritic grades, 

however, is associated with decreasing the stress corrosion cracking resistance [1]. Carbides and 

intermetallic phases are not readily formed with nickel [3].  

 

2.1.1.3 Carbon 

Carbon is a strong austenite stabilizer. In austenitic grades, the transformation of delta-

ferrite to austenite is greatly affected by carbon. However, increasing the carbon content 

increases the formation of carbides. The most common carbide to form is M23C6 which has an 

FCC structure and a less common carbide to form is M6C. For the 300 series alloys, M7C3 

carbides do not form because the carbon to chromium ratios are too low [4]. Increasing the 

chromium content also increases the probability of formation of mixed carbides such as M23C6. 

The solubility of carbon in austenite is reduced by increasing levels of chromium since M23C6 
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forms at very low carbon contents. The composition of mixed carbides is dependent on the 

chromium levels and annealing temperature during heat treatment [3]. Carbide precipitation can 

cause chromium depletion and lead to sensitization [5–7]. To avoid sensitization, reducing 

carbon contents hinders carbide precipitation. Carbon inhibits the formation of sigma phase 

which is an undesirable intermetallic that has a complex tetragonal crystal structure [2]. 

 

2.1.1.4 Nitrogen 

Nitrogen is an austenite stabilizer. It has a high solubility in chromium and in austenitic 

Cr-Ni stainless steels. This means that nitrogen has a lower susceptibility to form undesirable 

precipitates unlike carbon. To reduce cost, nitrogen is sometimes added in larger quantities so 

that less nickel is required to stabilize austenite at room temperature. Nitrogen, however, has 

much lower solubility in other phases such as ferrite, sigma, chi, Laves phase, and mixed 

carbides. If the nitrogen solubility limit is exceeded, then Cr2N will most likely form. Austenitic 

stainless steels have excellent weldability provided that the weld metal contains ferrite contents 

with a range of 5-15 FN [3]. Welding of austenitic stainless steels with higher nitrogen contents 

may limit the amount of delta ferrite that forms which will increase the hot cracking 

susceptibility. 

 

2.1.1.5 Molybdenum 

Molybdenum is a ferrite stabilizer, which implies that the transformation to austenite is 

shifted to higher temperatures and, therefore, heat treatments are typically conducted at higher 

temperatures compared to stainless steels produced without molybdenum. Molybdenum is added 

to improve resistance to pitting corrosion [4]. However, molybdenum can form intermetallic 

phases, e.g. Laves, chi and sigma phase, though the most important phase is the Laves phase 

(Fe2Mo) which can form with molybdenum contents around 5 wt.%. These intermetallic phases 

may have a detrimental effect on the toughness and corrosion resistance [3]. 

 

2.1.1.6 Manganese 

Manganese is an austenite stabilizer; however, it has a weaker austenitizing effect than 

nickel, carbon or nitrogen. The nitrogen solubility is increased with the presence of manganese 

which expands the austenite range to about 17 wt.% chromium. The austenite stabilizing effect in 
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Cr-Mn stainless steels is not as strong as in Cr-Ni stainless steels. Mixed carbides such as (Fe-

Mn)3C can form; their formation is far less likely to form because carbon has a larger affinity to 

chromium or niobium [3]. Chromium and niobium-containing carbides will form instead. The 

welding of fully austenitic stainless steels with manganese additions have improved hot cracking 

resistance by combining with impurities. 

 

2.1.1.7 Silicon 

Silicon is a strong ferrite stabilizer and increases the delta ferrite range to the detriment of 

the austenite range. Therefore, for austenitic stainless steels, higher Ni contents are required to 

form an austenitic structure. Silicon strongly affects the formation of second phase precipitation. 

It increases the activity of carbon which aids in the formation of M23C6 carbides. For silicon 

contents above 3 wt.%, a carbo-nitride (pi phase) can also precipitate. Silicon expands the sigma 

phase range to lower chromium contents. To dissolve sigma phase particles, the solution 

annealing temperature must operate at higher temperatures than low silicon stainless steels. 

Above 5 wt.% silicon intermetallic compounds can form with mostly iron or chromium. 

Examples are Fe3Si, Fe2Si Fe5Si3, FeSi, and Cr3Si. Nickel can also combine with silicon to form 

low melting-point eutectics (NiSi and Ni3Si). Silicon additions in stainless steel increase the 

corrosion resistance of austenitic stainless steels and improve the scaling resistance for heat-

resistant stainless steels. 

 

2.1.1.8 Sulfur 

Sulfur is an undesirable impurity in stainless steels which can lead to welding problems. 

For instance, low melting point sulfides form during solidification as a liquid film between grain 

boundaries. These sulfides inhibit proper grain adhesion and produce separations in the form of 

hot cracks during solidification. Sulfur has almost no solubility in chromium and nickel. With 

increasing chromium and nickel contents, the precipitation of low melting point eutectics will 

occur with smaller amounts of sulfur. Austenitic stainless steels are more susceptible to hot 

cracking than ferritic stainless steels. Manganese has been used to form higher melting point 

MnS to avoid hot cracking during welding and forging [3].  

Though sulfur is an impurity in stainless steels, ultra clean stainless steels with very low 

sulfur contents have been known to have poor weldability, producing very shallow welds. This 
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deterioration in weldability is because of the surface active nature of sulfur that affects the 

Marangoni flow of molten material. 

 

2.1.1.9 Phosphorous 

Phosphorous constricts the austenite range in the Fe-P system. It is similar to sulfur in 

that it is an impurity in the stainless steel that forms low melting point eutectics with iron, 

chromium, and nickel. These eutectics have a detrimental effect on the hot cracking behavior. 

The solubility of phosphorous is much lower in fully austenitic welds that solidify through 

primary austenite [8]. Providing that solidification occurs as primary delta ferrite, the hot 

cracking resistance is unaffected with phosphorous contents below 0.025 wt.% [3].  

 

2.1.1.10 Copper 

Copper is a weak austenite stabilizer. It is almost insoluble in chromium and has 

complete solubility in nickel. Low melting point eutectics can form and produce surface cracks. 

However, this effect is limited in austenitic stainless steels. Copper is added to improve the 

corrosion resistance, increase hardness, and form precipitates to improve tensile strength. 

 

2.1.1.11 Oxygen 

Oxygen is an undesirable impurity in stainless steel. The solubility of oxygen in iron, 

chromium, and nickel is considerably high in liquid state, however, the solubility drops 

significantly in the solid state. During stainless steel making, oxygen can be reduced by forming 

a slag in an Argon Oxygen Decarburization furnace (AOD) [9, 10]. The melt is further refined in 

an AOD and/or a Vacuum Oxygen Decarburization (VOD) furnace. The oxygen concentration 

can be reduced to around 0.005 wt.%. Welds often absorb more oxygen and contain about an 

order of magnitude more oxygen than compared to wrought product [3]. 

 

2.1.2 Austenitic Stainless steels 

Austenitic grades represent the largest group of the stainless steel grades [11]. They 

generally have good ductility, toughness, and elongation. Elements that promote austenite are 

added in large quantities to ensure that austenite is stable at room temperature. This chemical 

manipulation also ensures that other phases like martensite or ferrite do not form even with heat 
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treatments and quenching [2]. The range of composition for austenitic stainless steels is shown in 

Table 2.1. The 200 series and 300 series alloys are both austenitic grades, the 300 series being 

the more common of the two. The 300 series alloys have improved resistance to intergranular 

attack in corrosive environments.  

Among the austenitic stainless steels there are various designations for the different 

grades. Austenitic stainless steels designed for elevated temperatures are known as H grades. 

These grades tend to have higher carbon levels, approaching 0.1 wt.%. Since stainless steels are 

prone to sensitization, the L grades were created, which have low levels of carbon. This grade is 

used for welding applications or where intergranular attack is a concern. Grades with 

intentionally higher levels of nitrogen are known as N grades. Nitrogen can improve the strength, 

galling resistance, and pitting corrosion of austenitic stainless steel [1]. Stabilized grades contain 

additions of titanium and/or niobium which are stronger carbide formers than chromium. In 

Table 2.1, the maximum composition is the sum of titanium and niobium. 

  

Table 2.1: Range of compositions for austenitic stainless steels in weight percent [3]. 

Cr Ni Mn Si C Mo N Ti & Nb 

16.0-25.0 8.0-20.0 1.0-2.0 0.5-3.0 
0.02-0.08 

L < 0.04 
0.0-2.0 0.0-0.15 0.02 

 

The microstructure of austenitic stainless steels is highly dependent upon the composition 

and thermo-mechanical processing. It hinges on the balance between austenite promoting and 

ferrite promoting element which will produce either a fully austenitic material or a mixture of 

austenite and ferrite as shown in Figure 2.1. The microstructure in Figure 2.1 (a) contains fully 

austenitic, equiaxed grains. Figure 2.1 (b) contains mostly austenite with some delta ferrite 

stringers that are aligned along the rolling direction. These stringers form due to segregation of 

ferrite-promoting elements during solidification. In most cases, the presence of delta ferrite is not 

considered deleterious; however, it can reduce ductility and toughness in austenitic stainless 

steels and it is a preferential site for carbides to precipitate [1].  

Austenitic stainless steels typically cannot be hardened by heat treatments or 

precipitation, rather they can be hardened with cold and warm working [12]. Compared to ferritic 

grades, austenitic grades have a higher work hardening rate. With high amounts of deformation 
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or strain, austenite becomes less stable and can transform to martensite [12–17]. Typically, 

austenite will transform to hcp ε-martensite and then to bcc α’-martensite upon plastic 

deformation.  

  

 
(a) 

 

 
(b) 

Figure 2.1: Microstructure of wrought 304 stainless steel with (a) fully austenitic; (b) austenite 

with ferrite stringers [1]. 
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2.1.2.1 Type 304 and 316 Stainless Steel   

The most common composition and most widely used stainless steel is 304 stainless steel. 

It is commonly known as 18-8, due to the composition containing 18 wt.% Cr and 8 wt.% Ni. As 

an austenitic stainless steel, it has good forming properties, corrosion resistance, and strength. 

There is a variety of applications that 304 is commonly used such as food service, power, 

chemical, and nuclear industries [18]. Type 304Lstainless steel is well known to have excellent 

weldability. However, carbon will precipitate into carbides which is deleterious to mechanical 

properties. Therefore, the L grade must be used for welding applications. The composition of 

AISI 304 and AISI 304L are shown in Table 2.2. Type 316 stainless steel is a common austenitic 

stainless steel used in marine, biomedical equipment and fuel cells [19]. It has improved 

corrosion resistance due to the higher nickel and molybdenum concentrations and shows good 

weldability [20, 21]. The composition of AISI 316 and 316L are shown in Table 2.2. 

 

Table 2.2: Composition of 304, 304L, 316, and 316L stainless steel in weight percent [22]. 

AISI C Mn P S Si Cr Ni N Fe 

304 0.07 2.00 0.045 0.030 0.75 17.8 – 19.5 8.0 - 10.5 0.10 Bal. 

304L 0.03 2.00 0.045 0.030 0.75 17.5 – 19.5 8.0 - 12.0 0.10 Bal. 

316 0.08 2.00 0.045 0.030 0.75 16.0 – 18.0 10.0 – 14.0 0.10 Bal. 

Note: Mo addition for 316 stainless steel is at the order of 2.0 to 3.0 weight percent. 

 

2.2 Weldability of Austenitic Stainless Steels 

Austenitic stainless steels have acceptable weldability but can have some issues with hot 

cracking or forming undesirable secondary phases [23, 24]. Hot cracks form during the last 

stages of solidification within the solidus and liquidus temperature [25–27]. The cracking 

susceptibility is due to low melting point films that develop within grain boundaries and subgrain 

boundaries [27–30]. These low melting point films form as a result of impurities such as sulfur 

and phosphorus, and alloying additions such as silicon and manganese [27, 31]. However, the 

degree of hot cracking is reduced with the presence of duplex austenite and ferrite 

microstructure, with a delta ferrite concentration that ranges between 5-15 volume percent [27, 

32]. Even more important to hot cracking susceptibility is the mode of solidification. Austenitic 

stainless steels can solidify as primary austenite or as primary delta ferrite. Welds that solidify as 
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primary austenite are more susceptible to hot cracking than welds that solidify as primary delta 

ferrite [32]. Therefore, compositions are controlled to produce the desired mode of solidification. 

 

2.2.1 Chromium and Nickel Equivalents 

There are many predictive diagrams, known as constitution diagrams, to determine the 

resulting microstructure after welding. The diagrams are based on nickel (Nieq) and chromium 

(Creq) equivalents which represent the austenite and ferrite stabilizers, respectively. The 

Schaeffler diagram uses the nickel and chromium equivalent equations to predict the 

microstructure given the stainless steel composition in weight percent as shown in Figure 2.2 

using Equation 2.1 and Equation 2.2. Nieq = Ni + (30 ∙ C) + (0.5 ∙ Mn)    (2.1)                              Creq = Cr + Mo + (1.5 ∙ Si) + (0.5 ∙ Nb)               (2.2)                       

While the Schaeffler diagram is quite accurate, it was originally developed for shielded 

metal arc welding (SMAW) which has slower solidification rates compared to laser welding. The 

Schaeffler diagram also does not take other stabilizing elements into account such as nitrogen. 

Nitrogen is a strong austenite-stabilizing element, and therefore should be included in the nickel 

equivalent equation. The Delong diagram has taken nitrogen into account and the nickel 

equivalent equation is shown in Equation 2.3. The Delong diagram shows an improved 

prediction on the delta ferrite content for nitrogen additions in stainless steels from the Schaeffler 

diagram as shown in Figure 2.3. The Delong diagram, however, has a limited composition range. Nieq = Ni + (30 ∙ C) + (0.5 ∙ Mn) + (30 ∙ N)          (2.3) 

The WRC-1992 diagram includes data from over 200 weld metals over a range of 

compositions [33]. Therefore, the accuracy and range of composition within the WRC-1992 

diagram has been improved upon from the Delong diagram as shown in Figure 2.4. The addition 

in data has led to an improvement on the chromium and nickel equivalents. The effect of 

manganese was over predicted by the Schaeffler and Delong diagram; and the WRC-1992 

diagram has removed the effect of manganese. The nickel equivalent in the WRC-1992 diagram 

has included copper, improved the effect of carbon and has reduced the effect of nitrogen as 

shown in Equation 2.4. The chromium equivalent has eliminated the effect of silicon and 

increased the effect of niobium as shown in Equation 2.5. Using the WRC-1992 diagram for 

304L stainless steel, a Creq/Nieq ratio range of 1.5 to 1.9 should be used [21]. 
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Nieq = Ni + (35 ∙ C) + (20 ∙ N) + (0.25 ∙ Cu)    (2.4)                    Creq = Cr + Mo + (0.7 ∙ Nb)     (2.5) 

   

 
Figure 2.2: Schaeffler diagram for stainless steel weld metals. 

 

 
Figure 2.3: Delong diagram for stainless steel weld metals. 
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Figure 2.4: WRC-1992 diagram for stainless steel weld metals. 

 

2.2.2 Solidification Modes of Austenitic Stainless Steels 

Weldments in austenitic stainless steels can undergo four types of solidification modes 

which will be discussed as follows and summarized in Table 2.3. The first type of solidification 

is fully austenitic solidification, or Type A. The weld metal solidifies as primary austenite, i.e. 

the first phase to precipitate from the liquid is austenite and remains austenitic at room 

temperature. The primary solidification substructure that forms during Type A solidification are 

cells and dendrites as shown in Figure 2.5 [1]. For Types 304 and 316, elements such as Cr and 

Mo partition to the cell and dendrite boundaries during solidification [1, 34, 35]. The Cr and Mo 

concentration are not high enough to stabilize ferrite in these regions. The final microstructure is 

fully austenitic. The second type of solidification is Type AF, which undergoes primary austenite 

solidification but some ferrite forms towards the end of solidification, resulting in a mixture of 

austenite and ferrite. During primary austenite solidification ferrite-stabilizing elements partition 

to the subgrain boundaries which promotes the formation of ferrite that is retained at room 

temperature as shown in Figure 2.6. 
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Figure 2.5: Weld microstructure resulting from Type A solidification [1]. 

 

 
Figure 2.6: Type AF solidification revealing austenitic microstructure in the lighter regions and 

delta ferrite in the darker regions [1]. 

 

The third type of solidification occurs as primary ferrite but is transformed into austenite 

at room temperature. This type of solidification is termed Type FA. During primary ferrite 

solidification, nickel will be rejected ahead of the advancing interface during solidification, until 

austenite becomes stable enough to form and grow [34]. At the end of primary ferrite 

solidification, along the ferrite subgrain boundaries, ferrite is transformed into austenite. In other 

words, as the weld metal cools, the remaining ferrite becomes increasingly unstable and austenite 

begins to consume the ferrite as shown in Figure 2.7. The Creq/Nieq and the cooling rates will 

determine the amount of austenite and ferrite that forms as well as the ferrite morphology. A 

more detailed discussion of Type FA solidification will be presented in Section 2.2.3. The fourth 
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type of solidification is Type F. The weld metal solidifies as primary ferrite, and the composition 

is such that delta ferrite remains stable at room temperature. The amount of ferrite that is 

transformed into austenite depends on the Creq/Nieq and cooling rate. Larger amounts of ferrite 

will be consumed by austenite at lower Creq/Nieq values. For higher Creq/Nieq values ferrite will 

remain stable at room temperature and austenite will form within grain boundaries [1]. An 

example of a weld fusion zone that solidified as Type F is shown in Figure 2.8. 

 

Table 2.3: Summary of the various Types of Solidification [36]. 

Solidification 

Type 
Reaction Creq/Nieq Microstructure 

A L → L+A → A < 1.25 Fully Austenitic 

AF L → L+A → L+A+F → A+F 1.25 < Creq/Nieq < 1.48 
Ferrite at subgrain 

boundaries 

FA L → L+F → L+F+A → F+A 1.48 < Creq/Nieq < 1.95 
Skeletal and/or lathy 

ferrite 

F L → L+F → F → F+A > 1.95 
Acicular ferrite or 

Widmanstätten 

 

 
Figure 2.7: Type FA solidification (a) skeletal ferrite and (b) lathy ferrite morphology [1]. 
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Composition has the largest effect on the solidification mode; however, welding 

parameters can affect the solidification mode as well. Figure 2.9 is a diagram that shows the 

effect of composition, using the WRC-1992 Creq/Nieq, and solidification rate on the resulting 

microstructure of austenitic stainless steel weld metals. This diagram demonstrates the 

solidification mode that the austenitic stainless steel weld metal undergoes. However, calculating 

solidification rate of weld metals can be quite difficult, especially in spot welds. Solidification 

rate in a weld is typically calculated using Equation 2.6: 𝑅 = 𝑉 ∙ cos 𝜃            (2.6)  

where R is the solidification rate, V is the travel speed of the heat source, and θ is the angle of 

the weld dendrite growth and travel direction [37]. Since solidification rate is more difficult to 

calculate than the travel speed, Elmer et al. [38] has developed a diagram that uses electron beam 

travel speed and composition to determine the microstructure as shown in Figure 2.10. This 

diagram is only useful for rapid solidification welding processes, mainly electron beam welding, 

but laser welding can also be applied to this diagram. Figure 2.10 predicts the ferrite 

morphology, whereas other predictive diagrams determine ferrite number or solidification mode. 

 

 
Figure 2.8: Type F solidification resulting in austenite grains and Widmanstätten austenite that 

nucleated along ferrite grain boundaries [1]. 
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Figure 2.9: Effect of composition and solidification rate on the microstructure of austenitic 

stainless steel weld metals [1]. 

 

 
 

Figure 2.10: Effect of composition and electron beam travel speed on the microstructure of 

austenitic stainless steel weld metals [38]. 
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2.2.3 Type FA Solidification 

Austenitic stainless steels are susceptible to hot cracking, and therefore, a small amount 

of retained delta ferrite is desirable to minimize the occurrence of hot cracks [21, 36, 39–44]. For 

AISI 300 series alloys, about 0 to 20 volume percent of ferrite have been observed [45]. Welds 

with 5 to 10 vol.% ferrite prevent hot cracking, however, at high levels of ferrite, around 

30 vol.% ferrite, can increase the crack sensitivity [46]. There are different morphologies of 

ferrite that can form during Type FA solidification, which is dependent upon the alloy 

composition and weld parameters. The morphologies that are known to form in Type FA 

solidification are skeletal (vermicular), lathy, lacy, acicular, and globular. Brooks et al. [45] 

studied the skeletal and lathy morphologies as shown in Figure 2.11A and Figure 2.11B, 

respectively, and determined that both structures are a product of a diffusion-controlled 

transformation where primary solidified delta ferrite transforms to austenite. Skeletal ferrite 

occurs with moderate cooling rates or with low Creq/Nieq within the FA range. This morphology 

occurs due to austenite consuming ferrite, in which ferrite-stabilizing elements diffuse to 

interdendritic regions. As the amount of delta ferrite increases in the range from 5 to 15 volume 

percent, the skeletal morphology is gradually replaced by lathy delta ferrite [35, 47].  

 

 
Figure 2.11: Light optical micrographs showing (A) skeletal ferrite in 309 stainless steel weld 

and (B) lathy ferrite in alloy 25-14 welds. 

 

Lathy ferrite occurs with high cooling rates or with moderate to high Creq/Nieq. There is 

restricted diffusion which is why the lathy morphology is preferable to form since diffusion 

distances are reduced with the tighter spaced laths as shown in Figure 2.7 [1]. S. David [48]  
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Figure 2.12: Micrographs of ferrite morphologies in 308 stainless steel multi-pass welds (A) 

skeletal, (B) lacy, (C) acicular, and (D) globular [48]. 

 

studied the relationship between ferrite morphologies, orientation, and ferrite numbers as shown 

in Figure 2.12. For skeletal and lacy ferrite, the ferrite number identified on the composite 

photomicrograph is dependent upon the cross-section, i.e. the location of the particular 

microstructure; however, for acicular and globular ferrite, the cross-section does not appear to 

affect the ferrite number. For both skeletal and lacy ferrite, the ferrite number is lower when 

viewing the cross-section transverse to the dendrite core, whereas the ferrite number is higher 

when viewing the cross-section longitudinal to the dendrite core. In general, lacy ferrite has a 

larger ferrite number than skeletal ferrite since the lacy ferrite had a finer structure than the 

skeletal ferrite. Lacy ferrite has limited diffusion of solutes and low cooling rates resulting in a 
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high volume fraction of delta ferrite remaining untransformed [49]. Vermicular ferrite also forms 

at low cooling rates and a substantial solid-state transformation takes place resulting is a lower 

volume fraction of delta ferrite. This might suggest that vermicular ferrite has longer range 

diffusion compared to lacy ferrite. 

 

2.2.4 Multi-Pass Welding of Stainless Steels 

Additive manufacturing is often compared to multi-pass welding since AM consists of 

multiple, rapid solidification deposits of material. For multi-pass welding, microsegregation and 

macrosegregation have been observed. Microsegregation is a function of composition and 

temperature as shown in Figure 2.13. The partition coefficient (k) determines how solutes 

segregate and is calculated following Equation 2.7, 𝑘 = 𝑋𝑆𝑋𝐿               (2.7) 

where XS and XL are the mole fractions of solute in the solid and liquid at a given temperature. 

For a partition coefficient less than one (k < 1), solutes tend to segregate towards the boundary 

between cells or dendrite arms. For a partition coefficient greater than one (k >1), solutes tend to 

segregate toward the core of cells or dendrite arms. During solidification of a weld deposit, 

solutes are rejected into the liquid which results in a composition gradient within a single grain. 

When a second weld is deposited, the top portion of the previous weld is re-melted. The solutes 

that were rejected to the top of the previous weld continue to segregate into the second weld. 

This behavior is demonstrated in Figure 2.14.  

Figure 2.15 shows the composition profiles across multi-pass welds between 4130 steel 

and 304 stainless steel with a 312 stainless steel filler metal [50, 51]. For 312 stainless steel, the 

nickel concentration ranges between 5.5 and 6.5 wt.% and the chromium concentration ranges 

between 24 and 26 wt.%. The first bead contains a composition of 6% nickel, typical for 312 

stainless steel, and 18 wt.% chromium which is lower for 312 stainless steel. This composition is 

most likely due to dilution since the root pass has the largest amount dilution. The second weld 

pass shows an increase in nickel and chromium which is about 7.5 wt.% and 25 wt.% 

respectively. The third weld pass shows a nickel concentration of 8.8 wt.% and chromium 

concentration is about 25 wt.%. The increase in nickel and chromium concentrations are due to 

segregation during solidification.  
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Figure 2.13: Schematic of a binary phase diagram at a given composition Xo. 

 

 
Figure 2.14: Schematic of multi-pass welding with the arrows demonstrating the solute 

segregation. 

 

Macrosegregation is an issue because it will lead to microstructural and mechanical 

variation within the weldment. Chromium and nickel are what provides the main corrosion 

protection for stainless steels. Segregation of these elements creates a deficit of chromium and 
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nickel near the root of the weld which makes the root more susceptible to corrosion. The 

segregation of chromium also affects the transformation from delta ferrite to austenite. Since 

chromium is a ferrite-stabilizing element, larger amounts of chromium will form more delta 

ferrite. This means that a gradient in the chromium concentration will also form a gradient in the 

delta ferrite concentration. A gradient in composition and microstructure means that mechanical 

properties are location dependent. 

 

 
Figure 2.15: Macrosegregation in a multi-pass weld of 4130 steel and 304 stainless steel. 

 

2.2.5 Marangoni Flow of Stainless Steels 

The introduction of the Argon Oxygen Decarburization (AOD) process produced cleaner 

stainless steels with reduced amounts of impurity elements like sulfur and oxygen. However, the 

reduction of impurity elements produced stainless steels with poor weldability; specifically poor 

penetration [52]. As a result, a small amount of sulfur is actually necessary to improve the 

weldability. This example is a demonstration of the Marangoni effect. The fluid flow of a molten 

pool is affected by the surface tension gradient, dγ/dT. Some elements are known to change the 

surface tension, thereby, changing the surface tension gradient [53]. Elements such as sulfur, 

oxygen, selenium and tellurium are known as surface active elements [54]. Other elements are 

known to affect the surface tension, but only if those elements react with a surface active 
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element. For example, manganese will react with sulfur to create manganese sulfide, which 

reduces the effect of sulfur on the surface tension. The surface tension gradient is negative for 

materials with low concentrations of surface active elements which causes the molten pool to 

flow from the middle of the pool out to the edges of the pool (outward flow direction) as shown 

in Figure 2.16 (b) and (c) causing shallow weld penetration. However, with higher 

concentrations of surface active elements, the fluid flow becomes positive, causing the pool to 

flow from the edges of the weld to the center of the weld (inward flow direction) as shown in 

Figure 2.16 (e) and (f). The positive surface tension gradient drives the molten pool down in the 

center of the weld, causing deeper penetration. 

 Sulfur is the most common surface active element to affect the Marangoni flow. 

However, for low concentrations of sulfur, oxygen will have a significant contribution to the 

surface tension gradient [54]. This is an important finding, because additive manufactured 

components are known to exhibit higher concentrations of oxygen and therefore, the surface 

tension gradient of additively made components might differ from a wrought or cast component 

with lower concentrations of oxygen. Another concern for additive manufactured components is 

the distribution of the surface active elements. Heiple and Roper et al. [54] found that when 

welding two heats of the same stainless steel with different penetration characteristics (and 

concentrations of sulfur) will cause the weld centerline to shift towards the lower penetration 

(low sulfur) side. If there is a concentration gradient of oxygen in an additive build, there might 

be a shift in the weld characteristics as a function of build height. 

The Marangoni effect is prominent within the arc processes such as gas tungsten arc 

welding. Gas tungsten arc welds produced in AM 304L were strongly affected by oxygen which 

changed the Marangoni flow behavior of the molten pool [56]. However, the effect is lessened in 

laser beam welding or electron beam welding, especially when operating in keyhole mode, 

because other forces acting on the keyhole such as recoil pressure, vapor pressure and beam 

pressure, amongst others are stronger than surface tension induced forces. Lee et al. [57] 

determined that the recoil pressure is the dominant factor in keyhole formation and Marangoni 

flow has only a minor effect. Ye and Chen [58] modelled Marangoni convection and natural 

convection in full-penetration laser welds. Their model predicted that Marangoni convection and 

natural convection may affect the melt flow and temperature distribution of full-penetration laser 

welds. However, this proposed behavior is difficult to prove experimentally.  
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Figure 2.16: Marangoni flow in a weld pool. (a-c) low sulfur, (d-f) high sulfur [51, 55]. 

 

Surface tension gradient has a larger influence on laser welds made during conduction 

mode. During laser welding, the driving forces for convection in the weld pool are surface 

tension and buoyancy [59, 60]. Zacharia et al. [59] created theoretical models on the effect of 

sulfur on the weld bead geometry of laser beam welds and found that increasing sulfur did not 

have an appreciable effect on the weld pool size and shape. However, in the experimental study 

performed by Zacharia et al. [60], they found that oxygen causes a significant increase in the 

depth and width aspect ratio of stationary laser beam weldments. They determined that the aspect 

ratio is affected by the concentration of surface active elements and the temperature distribution.  

Kou et al. [55] related the effect of sulfur in 304L stainless steel on laser spot weld 

oscillations and the resulting ripples that formed upon solidification. They found that low sulfur 

spot welds oscillated “wildly” while the high sulfur spot welds oscillated little. As a result, the 

wild oscillations created distinct ripples in the low sulfur spot welds, while the high sulfur spot 
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welds had no clear ripples. Low sulfur causes the pool to flow outward towards and weld edge 

and the pool surface near the edge rises. Upon solidification the flow of the molten pool collides 

with the solidification direction which disturbs the molten pool forming ripples. High sulfur 

causes the pool to flow inward in the same direction as the solidification front which leading to 

lower pool disturbances. Another observation Kou et al. [55] made was the final shape of the 

weld pool. The surface of the spot weld made in the low sulfur stainless steel was concave. This 

occurs during solidification. The molten flow is moving towards the molten pool edge (and the 

edge solidifies first) causing material to build up at the edge. The surface of the spot weld made 

in the high sulfur stainless steel was convex. Since the molten flow is moving towards the center, 

the material builds up at center during solidification.  

 

2.2.6 Laser Welding of Austenitic Stainless Steels 

Laser welding is a rapid solidification process which produces finer solidification 

structures than other arc processes. David et al. [61] performed autogenous laser welds on 

various grades of stainless steels. They found for welds containing a duplex (γ + δ) 

microstructure that by increasing the welding speed (lowering the heat input) there was a gradual 

decrease in the amount of delta ferrite; with some alloys transitioning to a fully austenitic 

microstructure. This is an important finding because this could also translate into an AM build 

which has very fast raster speeds. Composition might not be the only factor that will affect the 

primary solidification mode of an AM build. The substructure size is directly related to the heat 

input. A higher energy input affects the growth rate and thermal gradient resulting in a coarser 

substructure [62]. Decreasing the heat input also affects the substructure, resulting in finer 

solidification structure [63]. 

Austenitic stainless steels do not exhibit the same type of heat affected zone 

characteristics as a plain carbon steel. For gas tungsten arc welds made in 304L stainless steel, 

the head affected zone may exhibit some grain growth, however, laser welds do not exhibit grain 

growth outside of the fusion zone [64]. 

 

2.2.7 Additive Manufactured Stainless Steels 

 Additive manufacturing of steels can be difficult due to the matrix element, Fe, and 

alloying elements such as Cr and C. Many of the elements used in steels are active with oxygen 
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and will form oxidation which cannot be avoided. Carbon can be difficult due to the tendency to 

form carbides. However, carbon can limit the densification process of a steel due to carbon 

segregation to the melt surface which reduces the melt pool wettability [65].  

Additive manufactured builds can contain large concentrations of nitrogen, due to powder 

processing and due to builds being created in a nitrogen atmosphere [66]. Since nitrogen is an 

austenite-stabilizing element, there is a concern for its effect on the primary solidification and 

transformation from ferrite to austenite. Okagawa et al. [67] studied the effect of nitrogen 

shielding gases on the solidification behavior of stainless steel welds made using gas tungsten arc 

welding. Type 304L stainless steel absorbed some nitrogen in the weld metal which reduced the 

amount of delta. This issue could translate over to the production of austenitic stainless steel AM 

builds, and result in hot cracking during the building process if nitrogen has shifted the 

solidification to primary austenite or produced lower amounts of delta ferrite.  

Additive manufactured components undergo a complex thermal history due to the rapid 

heating and cooling of each additional layer. Wang et al. [68] studied the effect of the thermal 

cycle on the resulting microstructure of a 304L build made from directed energy deposition. 

They observed coarser grains at the top of the builds compared to the bottom of the builds. The 

locations where these measurements were taken, were 48 mm apart. They attributed the larger 

grains to slower cooling rates at the top of the build. The base plate used to build the components 

on acts as a heat sink which allows the layers closest to the base plate to cool faster than the 

layers built at the top. Finer grains at the bottom of the build and coarser grains at the top of the 

build results in mechanical anisotropy which is not desired.  

Hoffmeister et al. [69] studied the effect of solidification rate on the powder fed AM 

process, laser engineered net shaping (LENS), on 316 stainless steel. The microstructure 

consisted of austenite with intercellular ferrite as shown in Figure 2.17. The slowest 

solidification rate is shown in Figure 2.17a, which produced the most amount of ferrite and 

exhibited larger features than the builds made with faster solidification rates. The fastest 

solidification rate, shown in Figure 2.17c, exhibits finer structures and smaller amounts of ferrite. 
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Figure 2.17: Micrographs of additive manufactured 316 stainless steel which contains austenite 

with intercellular ferrite. The laser parameters were: (a) 478 W, 5.93 mm/s, (b) 365 W, 7.62 

mm/s and (c) 212 W, 9.31 mm/s. 
  

2.3 Laser Welding 

Laser welding is a high energy density process with the laser energy focused within a 

very small area. Due to the higher energy density, laser welds can be performed at higher speeds 

than other arc processes, which leads to lower heat inputs and higher production rates. As a 

result, the heat-affected zone (HAZ) is much smaller for laser welds than arc welds [70, 71]. The 

narrow heat-affected zone of laser welds reduces distortion and improved mechanical properties 

[72].  

 

2.3.1 Absorptivity and Scattered Light  

Metallic surfaces, in general, are reflective which decreases the absorption of the laser 

power [73, 74]. The laser light is reflected in two ways, specular and diffuse reflections. Specular 

reflection occurs when the incident light is reflected in a single outgoing direction as shown in 

Figure 2.18. The angle at which the incident beam hits the substrate, θi, is the same angle at 

which the specular light is reflected, θr. Diffuse reflections occur when light is scattered in many 

different angles that are not equal to the angle of incidence, θi.  

 

 
Figure 2.18: Schematic of specular reflection. 
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The laser welding performance is dependent upon the energy absorbed by the substrate 

[75]. The amount of energy absorbed is affected by process parameters, type of laser, and surface 

condition. Laser power and weld travel speed have a strong influence on the amount of energy 

absorbed by the material. Simonds et al. [76] found that low applied energies have a coupling 

efficiency close to 30%, while higher applied energies can result in efficiencies that reach up to 

90% for 316 stainless steel. The surface condition has a significant effect on coupling efficiency. 

Increasing the surface roughness increases the absorptivity [77–80]. The surface roughness 

provides peaks and troughs for the laser light to have multiple reflections. Some of the laser light 

multiple reflections within the troughs of the surface roughness thereby improving the 

absorptivity. Hence, the wide range of coupling efficiencies. Boyden and Zhang [81] found the 

absorptivity of AISI 304 stainless steel is higher than that of pure iron. Therefore, composition 

may also influence the absorptivity. Absorptivity is temperature-dependent and increases with 

increasing temperature [79, 82]. The coupling efficiency can be improved by roughening or 

adding a coating to the surface or preheating the material [83]. 

 

2.3.2 Lasers and Systems  

Laser welding technology has improved over the decades. In the past, CO2 lasers 

dominated the market for many applications [72]. However, CO2 lasers are limited in accuracy 

and produce higher heat inputs compared to fiber lasers. Fiber lasers have higher precision, lower 

heat inputs, lower electrical energy consumption, and are considered the modern workhorse of 

laser welding. Fiber lasers generally use bundles of flexible doped glass that delivers the laser 

beam to the work piece, such as Ytterbium-fiber lasers. The benefit of a Ytterbium-fiber laser is 

that it is not necessary to maintain the optics and alignment since the laser is only generated in 

the fiber. The wavelength of CO2 lasers is 10.6 µm while the wavelengths of fiber lasers are 

around 1.06 to 1.07 µm. The difference in wavelengths will result in different welding behavior, 

such as interaction of the vapor plume and coupling efficiency.  

 

2.3.3 Spot Welds 

Spot welds are used for assembly and closure of electronics used in telecommunications, 

defense, aerospace, and medical industries because they deliver very small amounts of energy to 

small components [84, 85]. Due to the small amount of energy and stationary energy source, the 
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temperature profiles of spot welds are very different from linear welds. Properties of laser spot 

welds such as temperature profiles, fluid flow, and solidification rate are quite difficult to 

measure. Yet these properties are important because they determine the geometry, composition, 

and microstructure of the spot welds [84]. Experiments performed by He et al. [84] determined 

that fluid flow in laser spot welds are mainly driven by surface tension. As such, the temperature 

gradient within the spot weld is very important as it affects the surface tension gradient, dγ/dT. 

 

2.3.4 Conduction Mode 

 Conduction mode occurs when the laser intensity is insufficient to cause significant 

vaporization [86]. Typically, more laser light is reflected during conduction mode welding. 

Because more laser light is reflected the coupling efficiencies are low, reported to be between 30 

and 47% [76, 87]. As a result, laser welds made in conduction mode are relatively shallow 

compared to laser welds made in keyhole mode. Welding in conduction mode produces less 

perturbation of the molten pool system and therefore, defects such as porosity are less common 

than in keyhole mode welding [72]. Studies that compare laser welding to gas tungsten arc 

welding often operate under conduction mode with a defocused laser. This allows the laser weld 

to achieve a similar weld bead geometry to the gas tungsten arc welds. 

 

2.3.5 Keyhole Mode  

Laser welding can be divided into three stages. The first stage occurs as the laser melts 

and vaporizes the material, the second stage is keyhole formation, and the third stage occurs at 

the end of the laser pulse [88]. In order to form a keyhole, the power density must be on the order 

of 106 W.cm-2 [57]. During the first stage, enough energy is applied to vaporize material in the 

molten pool. The ejection of the vapor plume causes a recoil pressure, in the opposite direction, 

towards the molten pool, producing the deep, narrow cavity in the molten pool [57, 89, 90]. 

During stage two, energy that enters the keyhole is directly from Fresnel reflection and indirectly 

from absorption and conduction [57, 91, 92]. The laser beam becomes “entrapped” within the 

deep, narrow cavity and reflects off the walls of the cavity multiple times which is known as 

multiple reflection as shown in Figure 2.19. The keyhole fluctuates in size and shape in spite of 

almost constant peak power [93].  
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Figure 2.19: Schematic of multiple reflections within a conical cavity, demonstrating Fresnel 

reflection [57]. 

 

 
Figure 2.20: Effect of Marangoni flow for 2 kW laser during keyhole mode welding [57]. There 

are protrusions that form within the cavity wall, designated by the red arrows, that can cause 

instabilities during keyhole welding. 
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Many researchers have determined the natural frequency of gas tungsten arc welds and 

determined that the natural frequency changes with the change in weld bead shape [94–96]. The 

natural frequency increases with a decreasing weld pool size. Klein et al. [97] determined that 

oscillation frequencies for laser welds can vary between 4 and 10 kHz. Xiao and den Ouden [95] 

found that the natural frequency of a weld pool is faster for a partially penetrated pool compared 

to a fully penetrated pool. Semak et al.[98] determined that the recoil pressure has a pulsating 

character which drives volumetric oscillations of the melt pool with a frequency of 200 Hz for a 

laser power of 3 kW, beam radium of 180 µm, with He shielding gas for 304 stainless steel.  

During keyhole formation, there is oscillation of the molten material due to the pressure 

balance which causes instability within the keyhole which can lead to defects. Lee et al. [57] 

modeled the keyhole formation and found that the movement of the molten material formed 

protrusions on the cavity wall that caused the keyhole to collapse and form voids. A single 

protrusion event is seen in Figure 2.20.  

 

2.3.6 Microstructural Characterization 

During laser welding, the local temperature can reach above the boiling point, which 

causes pressure to build up at the weld surface [99]. When the pressure of the weld surface is 

greater than the ambient pressure, vaporization occurs. During welding of stainless steel, the 

main constituents found in the vapor plume are iron, chromium, nickel, and manganese [100–

103]. A significant loss of alloying elements can change the macro- and micro-structure and 

mechanical properties of the weldment, in particular the penetration depth [104–106]. Semak et 

al. [98] observed that the vapor plume absorbs some of the laser beam which changes the focal 

position of the laser, thereby affecting the penetration depth. Scheglov et al. [107] determined 

that upper portion of the plume (made of condensed particles) influences the welding process, 

but not the lower portion of the plume (laser-induced plasma). He et al. [108] determined that 

Mie scatting and Rayleigh scattering are affected by oxygen-rich environments. Mie scattering 

applies to the scattered light of particles that have a diameter similar to or larger than the 

wavelength of the incident light. Rayleigh scattering is a special case of Mie scattering where the 

scattered light of particles that are smaller than the wavelength of the incident light [108, 109]. 

The oxygen environment attenuates the Mie scattering phenomenon near the keyhole which 

results in improved laser focusing. 
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The vapor exerts a recoil force on the weld pool surface which causes liquid particles to 

be ejected from the weld pool [99, 100]. Liquid metal ejection is not desired because, like 

vaporization, causes alloying loss, changes microstructural and mechanical properties, and can 

damage the base metal surface. He et al. [100] determined that the most important parameters to 

eliminate liquid metal ejection are the laser power density and pulse duration. Lower power 

densities and shorter pulse durations decreases the occurrence of liquid metal expulsion. They 

also found that a depression in the weld center can be used an indicator of mass loss during 

welding.  

 

2.3.7 Effect of Laser Parameters 

 Laser welds are very sensitive to laser parameters such as laser power, welding speed, 

defocusing distance, beam angle, and shielding gas. An increase in the heat input, either by 

increasing laser power and/or decreasing welding speed, will cause the fusion zone to become 

larger. El-Batahgy [63] determined that the welding speed has a larger effect on the fusion zone 

shape than laser power. He found that an increase in the welding speed increased the aspect ratio 

of CO2 laser beam welds which results in a smaller fusion zone size. The beam angle is the angle 

between the incident beam and the sample. Increasing the laser beam angle decreases the depth 

of penetration and increases weld width [110]. 

Shielding gas has a large effect on laser welds. The type of gas, delivery, and flow rate all 

influence the weld bead morphology due to the interaction with the vapor plume. Shielding gas 

can be delivered coaxially, ahead, or trailing the laser, etc. The type of delivery will affect how 

the vapor plume is suppressed or blown away, therefore affecting the weld bead morphology. For 

example, Naoki et al. [111] analyzed the effect of different shielding gases on CO2 laser welds. 

They found that a nitrogen shielding gas produced a nitrogen plasma which blocked the laser 

resulting in a shallower keyhole, even leading to the keyholes disappearance. When the nitrogen 

plasma was blown away, the keyhole reopened. During laser welding of stainless steels, argon 

and helium shielding gases produce porosity, while nitrogen reduces porosity [111–113]. 

 

2.3.8 Defects from Laser Welding 

During the solidification of a laser weld, porosity can be formed and sometimes trapped 

[88, 114, 115]. During this stage, three phenomena occur simultaneously as shown in 
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Figure 2.21. The molten material flows to refill the keyhole, then cools and solidifies, and the 

porosity rises up towards the surface [88]. There are two reasons why porosity may form. The 

first is from hydrogen dissolving into the molten metal and during cooling will form gas bubbles. 

By increasing the welding speed, the solidification rate increases and the formation of hydrogen 

bubbles decreases. The second reason why porosity may form is due to the instability of the 

material during keyhole welding. The motion of the material within the keyhole can be turbulent 

which introduces small pores [88]. These small pores occur during longer welding times. Larger 

voids can be observed due to the lack of refilling of the keyhole that result from the solidification 

of the molten material before it could collapse back into the keyhole as shown in Figure 2.22. 

This type of pore occurs due to shorter laser welding times, like spot welds. 

 

 
Figure 2.21: The three phenomena occurring during the solidification stage [88]. 

. 

 
Figure 2.22: Melt collapsing into the keyhole [88]. 

 

2.4 Additive Manufacturing 

In conventional manufacturing, components are typically made by removing material 

from the bulk material through machining methods which is known as subtractive 
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manufacturing. Additive manufacturing (AM) refers to building components by depositing 

material layer-by-layer, thereby building a component in an additive nature instead of a 

subtractive nature. ASTM international defined additive manufacturing as, “a process of joining 

materials to make objects from 3D model data, usually layer upon layer, as opposed to 

subtractive manufacturing methodologies,” [116, 117]. Additive manufacturing has provided 

new opportunities for material design, shape and internal structure design [118–121]. With AM, 

more complex microstructures and chemistries can be achieved by changing the chemical 

gradient along the build direction. The layer-by-layer builds allow the build geometry to be more 

complex, like a honeycomb structure. 

In the 1980’s, rapid prototyping was developed to create models [7, 8]. Rapid prototyping 

was termed as such due to the fast process for building a part or prototype, but the name was 

deemed inaccurate because it does not describe the additive process and implies that the process 

is only used to create prototypes, when the process can do more [124]. Other terms have been 

used over the years such as automated fabrication (Autofab), freeform or solid freeform 

fabrication, stereolithography, and 3D printing. Additive manufacturing is a more popular term 

used in industry, however 3D printing is the most recognizable term for the general public [122]. 

Using stereolithography as example, the basic AM process involves eight steps according 

to Gibson et al. [122]. The part is first modeled with a 3D computer-aided design (CAD) 

program. The software defines the geometry of the part. The CAD drawing is then converted to a 

stereolithography (STL) file format which calculates the slices taken to create the AM part. The 

STL file is then transferred to the AM machine, which is set to the proper settings to make the 

build. The parameters of interest are scan speed, layer thickness, timing, material, etc. [122]. At 

conclusion of the build, the part then receives any required post-processing such as cleaning or 

excess machining. The final step is to apply any additional treatments such as heat treating and 

densification. 

 

2.4.1 Advantages of Additive Manufacturing 

Additive manufacturing presents many advantages in the production of a part. First is the 

rapid nature of additive manufacturing. The process allows for a quick turnover from quotation 

to production for one-off parts within one day [125]. Time to produce a part is reduced because 

the component can be built from the CAD design. The ability to create a model quickly is helpful 
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in validating the structural integrity, geometry, and to catch any errors that would have been 

overlooked in a drawing [126]. Optimization during the design stage is reduced due to the 

reduction in model development time [126]. In the evaluation of the time difference to produce a 

landing gear by AM and by die-casting, E. Atzeni and A. Salmi [124] found that producing a part 

by AM took only 2.5 days. However, just to create the molds for impression die forging took 

more than weeks to accomplish.  

The second advantage is that AM provides the ability to create complex geometries with 

little need for post-machining. Traditional manufacturing constraints such as size, coordinate 

systems, and symmetric axis for machining can be disregarded [124]. Lightweight applications 

are more feasible due to the ability to create hollow structures through AM which would have 

been difficult to create by casting or machining. Since AM produces parts that are net-shaped or 

near net-shaped, the machining time has decreased [125]. Additive manufacturing provides 

significant advantage in design freedom and allows for customization of every product [124].  

The equipment and materials used in additive manufacturing typically cost more than the 

casting costs. However, the ability to create a small number of complex components in a rapid 

manner is what makes additive manufacturing advantageous and cost effective. Another benefit 

to additive manufacturing is that the process can produce multiple complex components at a 

time. Machining or casting a complex component takes longer to produce and therefore there are 

extra costs associated with making a component.  

There is a trade off in cost per unit between AM and traditional casting and machining 

methods. An AM build essentially has a set unit price. However, traditional methods will reduce 

unit prices as the quantity increases. Therefore, AM is advantageous for smaller quantities and 

traditional methods may be more advantageous for larger quantities. Atzeni and Salmi [124] 

performed a thorough analysis of the cost benefits of AM, however, the quality of the part was 

not considered.  

 

2.4.2 Disadvantages of Additive Manufacturing 

Though there are many advantages for additive manufacturing, there are some 

disadvantages to consider. Additive manufacturing is relatively new compared to the traditional 

methods and therefore many existing material and process standards are not compatible with 

additive manufacturing processes [122, 127]. The settings and parameters will change from 
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machine to machine which makes it difficult to compare parameters of a material between 

different equipment or processes. Another disadvantage of additive manufacturing is the material 

cost and shelf-life. Materials used in additive manufacturing are relatively more expensive than 

traditional processes. However, the advantages discussed that the rapid nature of additive 

manufacturing makes up for the expensive equipment. If all the procured material can be fully 

utilized in the additive manufacturing process, the cost might not be as big of an issue. However, 

materials used in additive manufacturing have a limited shelf-life and can only be reused a finite 

amount of times before it becomes contaminated. Special storage must be available to prevent 

contamination of the material [122]. As materials are recycled and become contaminated, the 

properties will begin to degrade [122].  

Another issue surrounding the additive manufacturing process is the accuracy of the part 

as well as the part resolution. The accuracy of the part is dependent on the laser parameters and 

material properties. It is most common to have inaccuracy in the Z direction than the XY 

direction [126]. For example, if a section of a layer is thicker in the Z direction, the next layer 

will not fix the layer thickness and the next pass will also be thicker than what the program has 

calculated. In order to solve this problem, companies have tried to design better sensing systems 

that can measure the thickness and compare it to the STL file and make adjustments in the next 

layer [128, 129]. Shrinkage can also cause inaccuracy within the part geometry. The amount of 

shrinkage can vary depending upon the build direction (X, Y, and Z) [126]. Shrinkage can be 

avoided by proper parameter selection or by stress-relief methods. Another inaccuracy occurs 

with the resolution along the Z direction. The resolution increases with decreasing the layer 

thickness. Powder bed has the smallest layer thickness and highest resolution; however, the 

surface roughness is an issue. To obtain a smooth surface finish, post-machining is required 

which can be difficult if the geometry is complex or by tooling limitations.  

Additive manufactured components experience complex thermal cycles. As another layer 

is deposited another temperature profile is added upon the previous layers [117, 130, 131]. A 

single component may experience multiple solid-state and liquid-state transformations [117]. 

However, the behavior of heat transfer is not fully understood for all the additive manufacturing 

processes [132]. Raghavan et al. [131] performed an experiment on the heat transfer of Ti-6Al-

4V using gas tungsten arc welding (GTAW) to simulate conduction mode laser welding in 

additive manufacturing processes. A model showed that reducing the laser beam radius increased 



37 
 

the temperature producing higher fluid flow and depth of penetration. Melt pool geometry is 

important in maintaining constant mechanical properties and by decreasing the laser power, the 

melt pool geometry would be changed. By decreasing the heat input and maintaining the molten 

pool size, the time spent above the β-transition temperature increases [131]. Their work clarified 

the effects of thermal cycling; however, since the effects of thermal cycling is material 

dependent, understanding the thermal history of an additive manufactured component is difficult.  

 

2.4.3 Applications of Additive Manufacturing 

Additive manufacturing provides a wide range of applications due to the availability and 

versatility of the equipment. Many types of material can be used for additive manufacturing such 

as polymers, plastics, metals, metal-matrix composites, and even ceramics. Many plastic additive 

manufacturing machines are used as teaching tools in school or for personal use. As discussed 

earlier, additive manufacturing was used to produce a prototype which was less expensive and 

less time consuming than machining a prototype. Artists use AM due to the complex geometries 

that AM can create and architects use AM to create models due to the time savings, complex 

geometries, and high resolution capabilities of AM [123]. The aerospace industry applies AM to 

create complex, lightweight parts like air foils or the honeycomb structure which reduces the 

weight of a component [123, 133]. Additive manufacturing can play an important role in the 

medical industry. With AM, transplants are more accurately designed such as density, pore shape 

and size. Bone and joint replacements can be tailored to the patient for a faster and more accurate 

surgery that reduces the recovery time [123, 134]. 

Additive manufacturing is also used for repair applications. Laser engineered net shaping 

(LENS) is used to repair components. With additive manufacturing it is possible to repair a 

component that will have a longer wear life than a new part [135]. This type of technology is 

common in the aerospace industry and gas turbine industry with the repair of turbine 

components. Typically, the repairs are 100% dense with mechanical properties similar to the 

wrought material [135]. It is common to add extra material to be machined off later for additive 

manufactured repairs. Additive manufacturing is also used for cladding, both new components 

and repair of worn cladded components. 
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2.5 Additive Manufacturing Technology 

For metal additive manufacturing there are three main processes: powder bed, powder 

feed, and wire feed. Each process has defining characteristics such as material, processing 

procedure, application, build size, resolution, etc. [136]. Since additive manufacturing has not 

been standardized, there are many types of equipment that fall under these three processes and it 

is important to understand the advantages and disadvantages of each process.  

 

2.5.1 Powder Bed Processes 

The powder bed process can use different energy sources, such as an electron beam or 

laser beam (known as laser powder bed fusion). However, the systems are similar between 

energy sources. A typical system, shown in Figure 2.23, contains a powder bed which is held at a 

temperature below the melting temperature of the material. The energy source scans a pattern in 

the powder to be sintered/melted. The bed lowers and a new layer of powder is raked over the 

bed for the next layer to be built. The advantages of this process are the ability to produce high 

resolution components, ease of creating internal passages, and maintenance of the component 

geometry [117]. The disadvantages of this type of process is that it produces a rough surface 

finish and produces a large volume fraction of pores within the component. Oxidation is a 

serious problem for melting metals because oxidation will inhibit bonding or cause balling due to 

lack of wetting to the previous layer which can lead to delamination [137]. Some of these 

processes do not produce fully dense components and may require post-processing [138]. 

 

 
Figure 2.23: Schematic of the powder bed process [117]. 
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Selective laser sintering (SLS) is a powder-bed process that is generally used for rapid 

prototyping, rapid tooling, injection molding, bio-medical applications, and sheet metal parts 

[139]. To avoid the use of a binder, a low melting point powder is added to bind the high melting 

powder together [136]. There are different binding mechanisms involved in selective laser 

sintering like viscous-flow binding, curvature effect, particle wetting, solid-state sintering, 

liquid-phase sintering, and true melting [125, 139]. Laser sintering occurs within a short amount 

of time so the binding is caused by either melting the low melting point powder (semi-solid 

consolidation mechanism) or by completely melting the whole layer (selective laser melting) 

[136, 139, 140]. Particle wetting occurs when the low melting point powder melts and wets to 

the high melting temperature powder. The flow of the liquid metal fills in the pores in the loosely 

packed powder and causes densification of the part [140]. For a single metal system (no low- or 

high-melting temperature powders), a mushy zone exists between the solidus and liquidus 

temperatures and the laser parameters are optimized for this temperature regime to produce a 

semi-solid system as shown in Figure 2.24. The temperature TLS designates the ideal temperature 

to operate the SLS system within the mushy zone. For pre-alloyed powders, operating within the 

mushy zone is common. However, this type of process requires strict operating conditions which 

is difficult to control; many problems can occur with this type of process. Issues such as 

insufficient densification, heterogeneous microstructures and properties can occur. To mitigate 

these issues, post-processing is necessary such as furnace post-sintering or hot isostatic pressing 

(HIP) [65].  

Rombouts et al. [141] studied the effect of iron-alloy compositions on the quality of SLS 

builds. Oxygen, carbon, silicon, titanium, and copper were analyzed. In many chambers, there is 

a small amount of oxygen, on the scale of 1 to 10 ppm, is allowable in the atmosphere. 

Rombouts et al. [141] determined that oxygen in the atmosphere increases the volume of 

material that melts due to the exothermic formation of oxides; however, oxides are deleterious to 

the surface quality. Carbon can improve the surface quality by combining with the oxygen to 

form CO or CO2, which allows for the liquid metal to have better wetting characteristics. If the 

gas cannot escape, it will form porosity within the build. Silicon and titanium additions 

decreased the surface quality because of their affinity to form oxides and this caused irregular 

pores to form within the AM builds. Copper alloy additions had little effect on the AM builds, 
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however, as a pure material it is difficult to melt with the laser because of the high reflectivity of 

copper [141]. 

 

 
Figure 2.24: A temperature-composition equilibrium phase diagram for a pre-alloyed binary 

metal system demonstrating the ideal operating laser temperature to achieve the mushy zone for 

semi-solid consolidation solidification [136]. 

 

A similar process to SLS is called selective laser melting (SLM), where all the metallic 

powders are completely melted. When the layer is completely melted, the binding mechanism is 

true melting. This type of additive manufacturing process reduces porosity because it creates a 

fully dense part [142–144]. The part density, surface roughness, and microstructural 

homogeneity for parts produced through SLM are of better quality than those produced by SLS 

[65, 145, 146]. Since each layer undergoes rapid solidification, a large thermal stress or an 

undesirable phase may result causing deflection or cracking [142]. Since SLM requires a liquid-

solid transformation, a large degree of shrinkage could occur which produces stresses that 

introduce distortion [65]. Depending on the material and process parameters there are a couple of 

different types of solidification the additive manufactured part will produce. Non-linear 

solidification can occur which produces a balling effect of the powder. This is believed to occur 

due to the surface tension of the powders in liquid state [142, 147]. This phenomenon is related 

to the formation of oxides that prevent new layers to join to oxidized layers. This is undesirable 

because it leaves a rough surface finish. Linear solidification can produce additive manufactured 

parts with good solidification, or it can produce shrinkage cavity based on the shape of the 

cavity. Certain materials such as copper, iron, and chromium would formed a cavity due to the 
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shrinkage during melting [142]. As stated previously, AM components experience complex 

thermal cycling. Heat is transferred by conduction and radiation into the powder and substrate 

underneath and there is heat loss into the space above the melt pool by convection and radiation 

[137]. 

 

 
Figure 2.25: Schematic of the electron beam melting equipment [150]. 

 

Electron beam melting (EBM) can be used for both powder and wire. A schematic of the 

powder bed electron beam system is shown in Figure 2.25. The system works similarly to the 

laser powder bed system. Powder is dispensed into a bed and an electron beam melts the powder. 

The bed then drops, and a new layer of powder is dispensed from hoppers and raked across the 

bed. This process occurs in a vacuum of < 10-4 Torr, however an inert gas is added at the build 

area which increases the pressure to about 10-2 Torr which increases heat conduction and cooling 

[148]. Electrons penetrate the powder and the kinetic energy is converted to thermal energy 

which melts the powder. The spot size of the electron beam can be larger than that of a laser 

beam and therefore this process can be used for larger components. Electron beam melting 
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requires larger powder diameters, typically between 10 to 60 µm, due to the large spot size [148, 

149]. The larger spot size and powder sizes produce lower resolution components than the SLS 

or SLM processes. 

 

2.5.2 Feedstock Material 

The powder and wire quality significantly impact an AM component. This concern is 

especially true for stainless steel powder. Due to alloying elements such as Cr, the powder can 

easily absorb oxygen and nitrogen through the powder processing and through the additive 

manufacturing process [151]. Oxygen is an element of concern because it can form oxides at the 

surface of the powder or a deposit layer which will hinder bonding between other powder or 

layer. Porosity, delamination, and balling may occur. Oxygen and nitrogen can be introduced 

through the powder production process or by the AM process.  

Typically, powders are created through gas atomization or water atomization. In both 

processes, a liquid is sprayed from a nozzle to form droplets. In water atomization, the droplets 

fall a certain distance in air before the droplets are met by a water jet that creates finer particle 

sizes [152]. In the gas atomization process, either Ar or N2 is jetted at the liquid metal to solidify 

the particles. During the powder bed process, an inert gas fills the chamber. However, about 10 

ppb of oxygen is allowed into the chamber. This residual oxygen can be picked up by the AM 

part, in each layer. 

Nitrogen is a concern because it is an austenite-stabilizing element which reduces the 

martensite start temperature. Therefore, components that are meant to be martensitic may have 

significant amounts of retained austenite. A good example of this effect is AM 17-4 PH stainless 

steel which typically is a precipitate-hardened martensitic stainless steel with the presence of 

some δ-ferrite stringers [153]. However, due to the gas atomization process, the microstructure 

of an AM 17-4 PH stainless steel has a large amount of retained austenite. Meredith et al. [66] 

analyzed the powder composition for gas atomized 17-4 stainless steel produced under an Ar 

atmosphere and under a N2 atmosphere. Even though ASTM specification for 17-4 stainless steel 

does not allow nitrogen or oxygen, significant amounts of nitrogen and oxygen are found 

incorporated in 17-4 stainless steel powders produced by the gas atomization process using either 

Ar or N2. In the Ar atomized chamber the alloy picked 0.01 wt.% N2 and 0.04 to 0.05 wt.% O2. 

For the N2 atomized chamber, the alloy picked up between 0.11 and 0.15 wt.% N2 and between 
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0.02 and 0.046 wt.% O2. As a result, large amount of retained austenite formed due to the 

absorption of nitrogen. 

The retained austenite can be transformed into martensite through heat treating. However, 

due to the compositional difference between a wrought 17-4 and an AM 17-4 component, the 

standard heat treatment does not have the same effect. Cheruvathur et al. [154] performed 

various heat treatments on wrought and AM 17-4 stainless steel. The as-received AM 17-4 

stainless steel microstructure contained 50 vol.% martensite and 50 vol.% retained austenite. 

Using the EOS stress-relieving heat treatment (650°C for 1 hr.) did not change the microstructure 

and a dendritic/cellular microstructure remained. A wrought solutionizing heat treatment 

(1050°C for 1 hr.) reduced the amount of retained austenite to about 15 vol.% to 20 vol.%; 

however, microsegregation was present. AMS 5355 homogenizing heat treatment (1050°C for 2 

hr.) reduced the retained austenite to about 10 vol.% and eliminated microsegregation. This heat 

treatment produced the closest microstructure to a wrought microstructure. The remaining 

retained austenite was attributed to nitrogen enrichment [154].  

Enrichment of austenitic stabilizing elements is detrimental in two ways: (1) prevention 

of allotropic transformations and (2) changes the chemical composition thereby changing the 

effect of standard material heat treatments. Even for austenitic stainless steels, the absorption of 

nitrogen or oxygen will change the composition which will result in oxidation or change the 

effects of a standard heat treatment. 

 

2.6 Defects within Additive Manufactured Components 

There are many types of defects that can form within additive manufactured components 

such as porosity, pitting, cracking, delamination, etc. The next sections will discuss how these 

types of defects form and how to mitigate the formation of these defects.  

 

2.6.1 Porosity 

Porosity is one of the most common types of defects that form within additive 

manufactured components. The formation of porosity is more common in powder-based systems 

than wire-based systems. Porosity can form due to insufficient melting of the powder which 

forms a void between layers. Pores can also form due to entrapped gases. Voids or pits can form 



44 
 

from unmelted powder from the powder bed; normal deposition procedure mandates the raking 

away of the unused and unmelted powder with each additional layer.  

During SLM, the layer geometry is highly dependent on the powder material and each 

layer thickness can have a large degree of variation. The new powder layer is applied to an 

irregular surface and the new layer thickness will vary causing binding faults [155]. Therefore, it 

is important to promote melting of the previous layer to get sufficient binding. Figure 2.26 

demonstrates what a binding defect would look like. The powders absorb the beam energy in 

order to melt and the powders will only partially melt if the laser scan speed is too fast or if there 

is a large powder size distribution leaving a pore where the powders did not melt [155]. To 

reduce the porosity in a powder bed sample, reduce the scan speed or increase the beam power. 

By increasing the beam power, the irregular cavities that may form decrease, however porosity 

due to gas entrapment from the atomized powder may still remain in the build [155]. Yasa and 

Kruth [156] studied the effect of remelting a SLM layer made in 316L stainless steel. They found 

that remelting decreases porosity and refines the microstructure. However, remelting increases 

the amount of time and energy it takes to build a component. A cavity can form over multiple 

layers due to the capillary forces of the molten powder that wets to unmelted powder leaving a 

cavity in a single layer. This effect can continue causing the cavity to grow over multiple layers 

[155]. 

Gong et al. [149] performed a study on additive manufacturing Ti-6Al-4V using SLM 

and EBM. The study showed that there are four melting zones that will produce different 

porosity mechanisms within SLM. A graph of the melting zones is shown in Figure 2.27. Zone I 

produced fully dense components. Zone II has lower travel speeds, increasing the heat input, 

which leads to “over-melting” and defect formation occurred due to excess energy. The excess 

energy causes full melting of the layers; however, gas bubbles are generated from vaporization 

of elements within the powder which form spherical porosity. Zone III has higher travel speeds, 

reducing the heat input, which leads to “incomplete melting” and defect formation occurred due 

to a lack of energy that did not fully melt the powder. The fast solidification rates of SLM do not 

allow the gas to escape and are found trapped beneath the layer surface. Operation under 

Zone III conditions can produce voids, pores, and sintered particles. Zone OH has the lowest 

travel speeds, leading to “over-heating” which produced deformation of the component due an 

accumulation of strain energy.  
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For EBM Gong et al. [149] found that increasing the line offset (overlap between AM 

deposits) and focus offset can generate more porosity. Due to the lower energy density, the 

molten powder flows over and around unmelted powder forming voids between layers. It is 

difficult to over melt the powders to the extent where vaporization occurs in electron beam 

melting. In addition, the powder bed temperature is kept at a higher temperature than SLM and 

therefore the solidification rate for the EBM process is slower than the SLM process.  

 

 
Figure 2.26: Physical phenomena during selective melting of powder layers [155]. 

 

 
Figure 2.27: Process window for selective laser melting of Ti-6-4 powder. The process window 

shows the four types of melting zones that produce different defect mechanisms [149]. 
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2.6.2 Balling Phenomenon 

The balling phenomenon was mentioned earlier in Section 1.4.1 that it can hinder the 

sintering process [151]. When a deposit forms an oxide layer, the subsequent layers will not 

bond to the oxidized layers. The balling phenomenon can alter the part geometry and tolerances, 

cause porosity and delamination. Gu and Shen [151] identified the effect of laser power on 316L 

stainless steel powder. They found at low laser powers (below 300 W), the energy was 

insufficient to sinter the powder. Increasing the laser power between 300 to 350 W was still 

insufficient to melt the powder which produced coarse balling roughly comparable to the beam 

diameter. A schematic of this type of phenomena is shown in Figure 2.28. The beam source is 

low enough to melt some particles and solid particles nearby adhere to the liquid due to surface 

tension creating a liquid-solid mixture shown in Figure 2.28, labeled (a). The flow of the liquid-

solid mixture is too sluggish and therefore begins to form a sphere instead of spreading across 

the previous layer. The distribution of large spheres causes insufficient bonding and will only 

sinter between the two spheres as shown in Figure 2.28, labeled (b).  

 

 
Figure 2.28: Schematic of the coarse sphere balling phenomenon [151]. 

 

Laser powers between 350 to 400 W produced small-sized balls and microscopic cracks 

along the scan line. An example is shown in Figure 2.29. By increasing the power, the scan 

speed had to increase which affects the molten pool geometry. A faster scan speed will result in 

an unstable geometry until the surface energy of the molten pool reaches equilibrium. Simchi et 

al. [157] stated that increasing the scanning speed results in a decrease in energy density and 
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reduces the temperature. This condition allows small spheres to form. In addition to the balling 

phenomenon, the instability of the liquid geometry that can solidify cracks in the longitudinal 

direction [151]. To remove the balling phenomenon and stabilize the molten pool geometry, an 

increase in temperature is required. For Gu and Shen [151], this was achieved by increasing the 

power above 400 W which produced a smooth and continuous track with no balling or cracking. 

 

 
Figure 2.29: Micrograph of the small sphere balling phenomenon and crack along the fusion line 

of 316L stainless steel [151]. 

 

2.6.3 Delamination 

Delamination is a defect that forms as a separation of one layer from another. An 

example of a delaminated AM component is shown in Figure 2.30. For delamination to occur, 

two things must happen. (1) Lack of fusion between two layers must occur. Lack of fusion 

happens when improper parameters are used, causing the powder to not fully sinter or melt. If a 

layer forms an oxidation layer, the oxide will hinder wetting of the next layer onto the previous 

layer. (2) Residual stress is required to form delamination. From the additive manufacturing 

process, heat is introduced non-uniformly resulting in the creation of residual stress [158]. 

Enough residual stress will cause separation between weakly bonded layers. 
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Figure 2.30: Example of delamination in an AM component [159]. 

 

2.7 Mechanical Properties of Additive Manufactured Components 

Due to the differences in processing, additive manufactured components can have 

different mechanical properties than a wrought or cast component. This difference in behavior is 

highly dependent on the build direction and process. 

 

2.7.1 Anisotropy 

The quality of a build varies with the build directions, X-, Y-, and Z-directions. In the X- 

and Y- directions, the properties do not vary greatly due to the scanning pattern. By varying the 

scanning direction each layer, the properties in the X- and Y- directions are similar. Also, the 

thermal history between the X- and Y- directions are similar, however, it varies greatly in the 

Z-direction. In the as-fabricated condition for Ti-6Al-4V, the X-Y orientation has a lower 

porosity percentage of 0.11 vol.% which is less than porosity in the Z-orientation of 0.19 vol.% 

[160]. The fracture strength varies in the two orientations as well. In the X-Y orientation, the 

fracture strength is 96.9 MPa√m. In comparison, the fracture strength in the Z-orientation is 78.1 

MPa√m. After hot isostatic pressing (HIP), where porosity is eliminated from the material, a 

difference in fracture strength is still observed. In the X-Y orientation, the fracture strength after 

HIPing is 99 MPa√m. In the Z-orientation, the fracture strength is 83.1 MPa√m. This type of 

trend is similar across material types. X-Y orientations exhibit higher fracture strengths than the 

Z-orientation. 
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2.7.2 Texturing 

In additive manufacturing, it is common to form epitaxial growth and nucleation. This 

phenomenon occurs with the addition of each layer. The first layer will solidify with the base-

metal grains, which act as the substrate for nucleation at the fusion line as shown in Figure 2.31. 

Therefore, when a new layer is deposited, it wets to the previous layer and nucleates from the 

previous grains and maintains the same crystallographic orientation [51, 161]. Typically, 

texturing occurs parallel to the build direction and is dependent on the crystal structure [162]. For 

example, for an fcc structure, a common growth direction is the <100>. Table 2.5 shows the easy 

growth direction for various crystal structures [51]. This type of solidification occurs over 

multiple layers and even throughout the entire AM build. In selective laser sintering, the 

solidification mode is epitaxial due to the melt back of the previous layer which promotes growth 

from prior grains [142]. In some applications, epitaxial growth is desired with the thought that 

epitaxial growth is similar to directionally solidified material [162]. This concept does not apply 

to all materials and applications and it can increase the effect of anisotropy on a component 

[163]. Epitaxial growth can be avoided through the scan strategy by breaking up epitaxial grains 

for new grain to nucleate. 

 

 

Table 2.5: Easy-growth directions for designated crystal structures [51]. 

Crystal Structure Easy-Growth Direction Examples 

Face-centered-cubic (fcc) < 100 > 
Aluminum alloys, austenitic 

stainless steels 

Body-centered-cubic (bcc) < 100 > 
Carbon steels, ferritic stainless 

steels 

Hexagonal-close-packed (hcp) < 101̅0 > Titanium, magnesium 

Body-centered-tetragonal (bct) < 110 > Tin 
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Figure 2.31: Epitaxial growth of the additive layer near the fusion line [51]. 
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CHAPTER 3 EXPERIMENTAL PROCEDURES 

 This chapter describes the procedures and discussions for the experiments. Additive 

manufacturing build parameters are explained in Section 3.1. Metallographic sample preparation 

and analysis are discussed in Section 3.2 and its subsections. The various experiments conducted 

to determine the laser interaction are discussed in Section 3.3 and its subsections. 

Experimentation on the laser welding behavior is discussed in Section 3.4. 

 

3.1 Production of Laser Powder Bed Fusion Builds 

Laser powder bed fusion builds were created at Los Alamos National Laboratory (LANL) 

using an EOS M80 powder bed system. Wall builds were produced with dimensions of 50.8 x 

38.1 x 3 mm (2 x 1.5 x 0.12 in). One wall was built with the longest dimension oriented in the 

build direction. This is known as the vertical wall build as shown in Figure 3.1. The other wall 

was built with the shorter dimension (38.1 mm) oriented in the build direction. This is known as 

the horizontal wall build as shown in Figure 3.1. The dashed lines represent the orientation of the 

layers within the build. Both builds were created with the following parameters. 

There are three locations of the build that are created with different parameters. These 

locations are known as the core, the first contour, and the second contour. These locations are 

labeled in Figure 3.2. The core parameters were created with a laser power of 195 W, a travel 

speed of 1000 m/s, and a beam offset of 0.015 mm. With every layer, 40 µm of powder is added 

and the scan strategy rotates 67°. The scan strategy is complex and so a schematic will be used to 

discuss the scan strategy, shown in Figure 3.2. To limit distortion and delamination, the length of 

a deposit (stripe width) is limited to a maximum length of 5 mm. To complete one section of a 

layer, the laser follows a snaking raster pattern as demonstrated by the white lines in Figure 3.2. 

The red lines indicate where deposit stripes have overlapped, which is 0.12 mm.  

Contours are used to outline the core of the build to improve the surface by decreasing 

surface roughness. The first contour was made with a laser power of 140 W, a travel speed of 

1400 mm/s, and a beam offset of 0.012 mm. The second contour, and the outer most location, 

was created with a laser power of 80 W, a travel speed of 800 mm/s, and no beam offset. 

Nuechterlein and Iten at Elementum 3D produced the second batch of AM builds using 

an EOS M290 following the same parameters used at LANL but with some small adjustments. 

The horizontal wall builds were created with the same parameters as LANL and additional wall 
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builds were built with a double pass to reduce the amount of oxygen within the builds. To 

understand the effect of the raster pattern on the deposits and composition, waterfall builds were 

created without the contour, the dimensions of which are shown in Figure 3.3. Three different 

waterfall builds were created. One was made without any rotation in the scanning pattern, one 

was made with a 90° scan rotation, and the last one was made with a 67° scan rotation. 

 

 
Figure 3.1: Schematic of the vertical and horizontal wall builds. 

 

 
Figure 3.2: Schematic of the top-down view of the core and contours of the laser powder bed 

fusion builds. The core of the build demonstrates the raster pattern for a single layer. 
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Figure 3.3: Schematic of the waterfall builds developed by Nuechterlein and Iten. 

 

3.2 Material Characterization 

This section discusses the sample preparation and techniques used to analyze the base 

material, spot welds, and bead-on-plate welds.  

 

3.2.1 Metallographic Preparation 

Samples were hot mounted in 1 ¼ in. Bakelite mounts. The samples were then ground 

using 240, 320, 400, 600, and 1200 grit SiC paper. The samples were then polished with 6 µm, 3 

µm, and 1 µm diamond abrasives with LECO polishing pads for the 6 µm abrasive and Imperial 

polishing pads for the 3 µm and 1 µm abrasives. Samples were etched with various etchants to 

emphasize different microstructural features. To reveal solidification substructure, samples were 

electroetched for 2 seconds with a voltage of about 2 mV ± 0.1 mV. The etchants used with 

electropolishing were 50 vol.% Nitric – 50 vol.% deionized water or 10% oxalic acid. To reveal 

grain boundaries, samples were etched with aqua regia (3 mL hydrochloric acid and 1 mL nitric 

acid). 

 

3.2.2 Light Optical Microscopy 

Samples were prepared following the metallographic procedures described in Section 

3.2.1. Samples were etched with aqua regia, oxalic acid, or 50 vol.% nitric – 50 vol.% deionized 

water to reveal microstructural features of interest. Light optical micrographs were then collected 
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with the Olympus PMG-3 microscope. Images were collected at 50X, 100X, 200X, and 500X 

magnification. Images were used to analyze grain size, phase volume fraction, and solidification 

substructure. 

 

3.2.3 Volume Fraction 

 Light optical micrographs were analyzed to determine volume fraction using MIPAR 

software. A threshold was applied to the images to analyze the volume fraction of delta ferrite. 

The threshold was adjusted so as not to overestimate the amount of delta ferrite.  

 

3.2.4 Scanning Electron Microscopy and Electron Backscatter Diffraction 

Samples were prepared following the metallographic procedures described in Section 

3.2.1. After the 1 µm polishing step, the samples were polished in the Buehler VibroMet® 

vibratory polisher using 0.05 µm colloidal silica for 4 hours. However, there are small 

precipitates that would be pulled out during this step and cause scratches within the samples. The 

compositional differences between austenite and delta ferrite were not enough to use backscatter 

electron detection alone; therefore, samples were etched. Lower magnification micrographs were 

obtained using the FEI Quanta 600i Environmental scanning electron microscope (SEM). For 

higher magnification micrographs, the JEOL 7000 field electron SEM was used. A working 

distance of 10 mm was used and an accelerating voltage of 20 keV was applied to the sample 

with both microscopes.  

To analyze the texture of AM components, samples were ground to 1200 grit and 

electropolished using a chilled (about -40°C) 10 vol.% perchloric acid and 90 vol.% methanol 

solution with an applied voltage of about 25 V for about 1 minute. The samples were then 

mounted using a silver epoxy onto an aluminum stub. The samples were then placed in an FEI 

Helios NanoLab 600i focused ion beam (FIB) chamber that was equipped with an electron 

backscatter diffraction system. The texture and phase fraction were analyzed using the TEAM 

software. 

 

3.2.5 Microhardness 

Vickers microhardness indents were collected on polished samples using a LECO 

AMH55 automatic hardness indenter at 500 gmf for 10 seconds following ASTM Standard 
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E348-11 [164]. A grid pattern was applied to the base material and across weldments. The 

spacing between indents was about 500 µm. Samples were etched after indents were made to 

reveal the microstructure below.  

 

3.2.6 Composition Analysis 

The nitrogen and oxygen concentrations were examined using LECO TC436 analyzer. 

Samples with about 1 g weight were cut and ground using 240 grit SiC paper. The samples were 

then ultrasonically cleaned using ethanol. Samples collected from the AM specimens were 

collected from the vertical wall builds so that the length of the samples were collected parallel to 

the build direction.  

 The composition of the AM base material was collected using energy dispersive 

spectroscopy (EDS). Spot EDS was performed through multiple layers at different locations in 

the AM build as shown in Figure 3.4. The locations at the bottom are labeled A and the locations 

at the top of the build are labeled B. The bottom locations at positions A and B are labeled 

number 1 and the top locations at positions A and B are labeled number 2. The compositions 

taken from each spot were then plotted. If there is macrosegregation there should be a distinct 

difference in composition from spots collected from layers in position A1 and B2. 

 

 
Figure 3.4: Schematic of the locations where the spot EDS analysis was performed. 
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3.2.7 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed to analyze the onset of melting 

and solidification of the wrought and additive manufactured 304L stainless steels. Samples were 

collected to weigh less than 50 mg and placed into an alumina crucible with a lid to avoid 

contamination in the furnace. A helium shielding gas was applied to protect the samples from 

oxidation during the experiment. A schematic of the temperature profile is shown in Figure 3.5. 

The samples would be heated up at 40°C/min to 1500°C. The temperature is held steady at 

1500°C for 10 minutes for full melting each sample. The holding at 1500oC would also bake off 

any impurities that would affect the melting temperature. The samples were allowed to cool 

down at a rate of 20°C/min for solidification to take place.  

Typically, the first melt exhibited a more rounded onset which would be discarded [165]. 

The sample would be heated a second time at a rate of 20°C/min for the collection of information 

from the sample without impurities. The sample would then to room temperature at a rate of 

20°C/min. The heat flow conditions were then analyzed following Figure 3.6 [165]. Point (a) in 

Figure 3.6 is the onset temperature for both melting and freezing. The onset temperature upon 

heating provides the solidus melting temperature (Tm). The onset temperature upon freezing 

provides the liquidus temperature. However, this value is difficult to reproduce as the material is 

transforming from a disordered state to an ordered state. The onset melting temperature is a more 

accurate value since the material is transforming from an ordered state to a disordered state. 

 

 
Figure 3.5: Schematic of the DSC temperature profile. 
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Figure 3.6: DTA responses to melting and freezing of a pure material under ideal conditions. (a) 

onset temperature, (b) peak signals, (c) peak temperatures [165]. 

 

3.2.8 Melt Pool Analysis 

Elementum 3D has equipped the EOS M290 with a melt pool monitoring system which 

could be used to analyze the thermal history of an AM build. This monitoring system works by 

measuring the radiation that the material emits. Figure 3.7 shows the Plank curve for black body 

radiation. Hot metal emits a continuous spectrum of light with a peak in infrared radiation. The 

red line on the curve shows the wavelength of the EOS laser (around 1060 nm). The melt pool 

analysis collects the wavelengths below the laser wavelength, highlighted in yellow, but ignores 

visible light. Wavelengths above the 1060 nm, highlighted in purple, are not collected even 

though the intensity is much higher. At longer wavelengths, the chromatic aberration effect is of 

concern which causes various wavelengths to focus at different distances. The sampling rate was 

60 kHz. The melt pool was analyzed at a resolution of 0.04 x 0.04 mm. The moving average 

black-body radiation of the entire build plate is plotted in an exposure map; an example of an 

exposure is shown Figure 3.8. The intensity bar represents the number of data points within each 

pixel. For this study, the intensity bar ranges from 0 to 10. Images of individual layers were 

collected every five layers; an example is shown in Figure 3.8.  
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Figure 3.7: Planck curve for black body radiation. 

  

 
Figure 3.8: Example of an exposure map generated from the melt pool monitoring system. 

 



59 
 

3.3 Laser Interaction Experiments 

The goal of these experiments was to understand if there was anything about the AM 

process/production that affects the coupling efficiency. Differences introduced by AM such as 

surface condition, composition, microstructure, and residual stresses could potentially affect 

laser-matter coupling efficiency. Thus, it is important to carefully examine laser-material 

interaction.  

 

3.3.1 Material Preparation 

The main scope of this work was on austenitic 304L stainless steel. Wrought 304L was 

selected as a baseline comparison for the AM 304L samples. Since both materials are austenitic 

with similar compositions, martensitic stainless steel was included for a more drastic comparison 

between stainless steels. As-built AM builds are known to have higher residual stresses than 

wrought or cast materials, therefore, AM builds were left in the as-built condition to determine if 

a higher residual stress affects the laser interaction. However, residual stresses of the AM builds 

were not measured in this work. A more critical work to investigate the effect of residual stresses 

is merited for subsequent research. One AM build was heat treated following the standard 

solution annealing treatment for austenitic stainless steels, 1065°C for 30 minutes to relieve any 

residual stress from the building process. Surface roughness is known to affect the laser 

interaction. Therefore, all samples were ground to 600 grit using SiC paper, resulting with a 

surface roughness between 7.08 to 7.79 µm. However, to understand the effect of surface 

roughness on the laser interaction, one of the as-built AM 304L samples was left untreated (i.e. 

not ground) which has a surface roughness of about 30.5 µm. A summary of the materials used 

in this experiment are shown in Table 3.1. 

Wrought 304L, wrought 17-4, and AM 304L samples were cut into 0.500 x 0.500 x 0.118 in 

(12.7 x 12.7 x 3 mm) coupons. The coupons were then labeled to indicate the location of where 

the coupon was taken from the bulk sample. The coupons were ground using SiC paper up to 600 

grit, leaving a surface roughness around 7.5 µm, with the exception of the untreated sample 

which has a surface roughness of around 30.5 µm. The coupons were then ultrasonically cleaned 

in methanol. The cleaned surfaces were then analyzed using a Zeta optical surface profilometer. 
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Table 3.1: Summary of the material condition and surface finish. 

Material Condition Surface Finish Comparison 

Wrought 17-4 As-Received (AR) 
Ground (GR) 

Sa = 7.57 µm 

Martensitic 

Low Residual Stress 

Wrought 304L As-Received (AR) 
Ground (GR) 

Sa = 7.08 µm 

Austenitic 

Low Residual Stress 

AM 304L As-Build (AB) 
Ground (GR) 

Sa = 7.49 µm 

Austenitic 

High Residual Stress 

AM 304L As-Built (AB) 
Untreated (UT) 

Sa = 30.47 µm 

Austenitic 

High Residual Stress 

AM 304L 
Heat Treated (HT) 

1065°C, 30 min 

Ground (GR) 

Sa = 7.79 µm 

Austenitic 

Low Residual Stress 

 

3.3.2 Integrating Sphere Experimental Set Up 

The experiments were conducted at the National Institute of Standards and Technology 

(NIST) in Boulder, Colorado. This experiment was conducted in a similar manner as the 

experiment conducted in earlier works by Simonds et al. [76]. A schematic of the set-up is 

shown in Figure 3.9. A 1070 nm Yb-fiber laser was used to deliver 10 ms spot welds at various 

powers that range between 1 and 6 J. The laser beam diameter in sharp focus was 303 µm which 

produced a top-hat beam profile. An integrating sphere was attached to the system, 160 mm 

away from the laser head, so that the bottom of the sphere was at the focal plane of the laser. The 

sphere was coated with BaSO4 to create a diffuse surface so that laser light is not absorbed by the 

sphere. A camera was attached to the laser that was used for alignment. Two photodiodes were 

used to collect all of the reflected light. One photodiode was attached to the laser head which had 

a 1070 bandpass filter and neutral density filter placed in front of it. The other photodiode was 

attached to the integrating sphere which had a 1070 bandpass filter and attenuation filter attached 

to it. Two types of spheres were used. The first type of sphere did not contain a gas port and the 

second type of sphere did contain a gas port. Nitrogen shielding gas was purged into the sphere 

for about 2 minutes and remained on with a flow rate of about 18 L/min during spot welding.  
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Figure 3.9: Schematic of the integrating sphere experimental set-up [76]. 

 

3.3.3 Data Collection 

The following section was followed according to Simonds et al. [76]. The integrating sphere 

must be calibrated to determine its loss factor because of laser scattering. The first part to 

calibrate is the light reflected to the weld head photodiode. An average of 10 pulses of 10 ms was 

applied by the laser. A power meter measured the applied energy and an oscilloscope measured 

the signal of laser. This process was repeated without a sample, meaning there is no specular 

reflections back to the weld head. A transparent sample was then used, and the process was 

repeated. The transparent sample was not perfectly transparent and so a small, specular reflection 

could be measured. Therefore, the specular reflection could be determined by subtracting the 

energy without the sample by the energy with the transparent sample. By plotting the energy and 

the signal of the specular reflection, the calibration constant, Chead, can be determined by the 

slope. The power reflected to the weld head can then be calculated using the following equation: 𝑃ℎ𝑒𝑎𝑑 = 𝐶ℎ𝑒𝑎𝑑 ∙ 𝑆ℎ𝑒𝑎𝑑             (3.1) 

where Phead is the power reflected to the weld head and Shead is the raw signal (in mV) from the 

photodiode. 

 The next piece to calibrate is the diffuse reflection captured by the integrating sphere. 

Since some material is ejected during welding, the inside of the sphere gets dirty over time which 

reduces the efficiency of the BaSO4 coating. Therefore, the sphere must be calibrated before 

every spot weld is made. A gold diffuse scattering target was used to calibrate the integrating 
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sphere. The calibration of the sphere operated at lower energy densities so as not to damage the 

target sample; so, in order to produce the same signal, the attenuation filter was removed from 

the photodiode. An average of 10 pulses with a duration of 10 ms was applied to the sample and 

the oscilloscope measured the signal. This was performed at various powers so that a plot of 

power as a function of signal can be created. The calibration constant of the sphere is from the 

slope of the linear fit (just like the calibration constant for the weld head.) Once the sphere 

calibration data was collected, a 10 ms spot weld was produced on the desired sample. The 

power scattered in the sphere is then calculated using the following equation: 𝑃𝑠𝑝ℎ𝑒𝑟𝑒 = 𝐶𝑠𝑝ℎ𝑒𝑟𝑒 ∙ (𝑆𝑠𝑝ℎ𝑒𝑟𝑒𝑇 )                 (3.2) 

where Psphere is the power reflected in the integrating sphere, Csphere is the calibration constant of 

the sphere, Ssphere is the raw signal the photodiode collects, and T is the transmission of the 

attenuation filter.  

 The power absorbed by the sample, Pabs, is determined by subtracting the total amount of 

scattered light from the total applied power, Po, as shown in Equation 3.3 : 𝑃𝑎𝑏𝑠(𝑡) = 𝑃𝑜(𝑡) −  (𝑃ℎ𝑒𝑎𝑑(𝑡) + 𝑃𝑠𝑝ℎ𝑒𝑟𝑒(𝑡))              (3.3) 

The system collects the time-dependent signal and, therefore, the dynamic absorptance of the 

material can be measured using this technique. To calculate the dynamic absorptance, the power 

absorbed by the material was divided by the total applied power as shown in Equation 3.4: 𝐴(𝑡) = 𝑃𝑎𝑏𝑠(𝑡)𝑃𝑜(𝑡)                (3.4) 

The total energy absorbed, Eabs, can then be calculated, as shown in Equation 3.5, by integrating 

the power absorbed over the time of the spot weld, which was 10 ms.  𝐸𝑎𝑏𝑠 = ∫ 𝑃𝑎𝑏𝑠(𝑡) 𝑑𝑡 = ∫(𝑃𝑜 − 𝑃ℎ𝑒𝑎𝑑 − 𝑃𝑠𝑝ℎ𝑒𝑟𝑒) 𝑑𝑡                 (3.5) 

The coupling efficiency, ηcoupling, can then be determined by dividing the energy absorbed by the 

total energy applied by the laser, Eo, using the following equation:  𝜂𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = 𝐸𝑎𝑏𝑠𝐸𝑜                 (3.6) 

 

3.3.4 Error Analysis 

Within this experiment there exists two types of errors; systematic errors, which are errors in 

the equipment or system, and random error, which comes from the collected data or standard 

deviation. It is important to include both types of errors and so the analysis used the propagation 
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of uncertainty. The systematic measurement errors from the laser varied between 0.2 to 1.3%. 

Other systematic errors were related to power meter (3%), oscilloscope (1%), and attenuation 

filter (1%). These values were provided by equipment manuals. The random errors occur during 

the calibration and from the photodiode signals that measure Po, Phead, and Psphere. The uncertainty 

in the slope for each of the calibrations is required for the error analysis calculation. The energy 

for each measurement, (i.e. weld head, sphere, and absorptance) is also required for the analysis. 

The absolute uncertainty in the laser power, UPo, is calculated by multiplying the measured laser 

power by the relative standard deviation of that measurement as shown in  Equation 3.7. 𝑈𝑃𝑜 = 𝑃𝑜 ∙ 𝜎𝑃𝑜     (3.7) 

where σPo is the standard deviation of the laser power data. The uncertainty of the power 

reflected to the weld head is more complicated since there are systematic errors and random 

errors in each measurement. The resulting equation is as follows: 

𝑈𝑃ℎ𝑒𝑎𝑑 = 𝑃ℎ𝑒𝑎𝑑 ∙ √(𝑈𝑃ℎ𝑒𝑎𝑑𝑅𝑒𝑙 )2 + (𝜎𝐶ℎ𝑒𝑎𝑑𝑅𝑎𝑛𝐶ℎ𝑒𝑎𝑑 )2 + 2 ∙ (𝑈𝑆ℎ𝑒𝑎𝑑𝑅𝑒𝑙 )2
            (3.8) 

where U is the absolute uncertainty, URel is the relative uncertainty of the measurement, and URan 

is the random uncertainty of the measurement. The uncertainty of the power reflected in the 

sphere is more complicated due to the added transmission filter.  

𝑈𝑃𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑃𝑠𝑝ℎ𝑒𝑟𝑒 ∙ √(𝑈𝑃𝑠𝑝ℎ𝑒𝑟𝑒𝑅𝑒𝑙 )2 + 2 ∙ (𝑈𝑆𝑠𝑝ℎ𝑒𝑟𝑒𝑅𝑒𝑙 )2 + (𝜎𝐶𝑠𝑝ℎ𝑒𝑟𝑒𝑅𝑎𝑛𝐶𝑠𝑝ℎ𝑒𝑟𝑒 )2 + (𝜎𝑇𝑅𝑒𝑙)2
  (3.9) 

The resulting uncertainty in the power absorbed is as follows: 𝑈𝑃𝑎𝑏𝑠𝑅𝑒𝑙 = √(𝑈𝑃𝑜𝑅𝑒𝑙)2 + (𝑈𝑃ℎ𝑒𝑎𝑑𝑅𝑒𝑙 )2 + (𝑈𝑃𝑠𝑝ℎ𝑒𝑟𝑒𝑅𝑒𝑙 )2
           (3.10) 

 

3.3.5 Time-to-Keyhole Calculation 

The dynamic absorptance plot can be used to determine the time it takes to form a 

keyhole as shown in Figure 3.10. The time-to-keyhole is defined as the time where the second 

rise in absorptance reaches 0.40 [76], i.e. the time intercept of a horizontal line where the 

absorptance is 40%. This technique has been confirmed through laser-induced fluorescence (LIF) 

[166]. 
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Figure 3.10: Dynamic absorptance plot demonstrating how the time-to-keyhole was calculated. 

 

3.3.6 Spot Weld Analysis 

Surface profiles of each spot weld was measured using a Zeta optical surface 

profilometer, as shown in Figure 3.11A. The average diameter of each spot weld was measured 

using ImageJ, as shown in Figure 3.11B. The spot welds were cross-sectioned using an MSX 

saw and mounted in Bakelite. The samples were then ground, polished and etched following the 

metallographic steps in section 1.0 until the spot welds were revealed. The profilometer images 

were then used to help determine when the cross-sections of the spot welds were taken at the 

center. An average weld diameter was measured following Figure 3.11 (B). After cross-

sectioning and polishing, the weld width was measured. If the value of the weld width was not 

the same as the average weld diameter, like the yellow line in Figure 3.11 (C), then further 

grinding and polishing was required to reach the center of the weld. The distance from the 

current weld width, indicated by the yellow arrow, to the center of the weld, indicated by the 

white arrow, is measured using ImageJ as shown by the red arrow in Figure 3.11(C). The sample 

is then ground and polished following the metallographic preparation method in Section 3.2.1 of 

the remaining distance to the center of the weld. The weld width and depth were then measured 

using ImageJ. 
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Figure 3.11: A schematic of how profilometry images were used to analyze spot welds, (A) 

original profilometry image, (B) diameter measurements made on profilometry image, and (C) 

the measured width of the spot weld, in yellow, is compared to the expected diameter, in white, 

to determine the distance remaining to the center of the spot weld. 

 

3.4 Welding Behavior Experiments 

This section describes the experiments that aided in determining the welding behavior 

such as the molten pool oscillations, vapor plume calculations, and solidification of spot welds 

and bead-on-plate laser welds. 

 

3.4.1 High Speed Video 

High speed video was collected on 10 ms pulsed spot welds in order to understand the 

molten pool behavior. The oscillation modes, frequencies, and weld pool growth were collected 

from these videos. High speed video experiments were performed at NIST with the same laser 

system as the integrating sphere experiment. The PCO 1200h high speed video camera was 

outfitted with a 520 nm bandpass filter which passes only green light and a 1070 bandpass filter 

that passes visible light and blocks infrared light. The camera was mounted on an aluminum 

optical rail for easy access to adjust the focus. A macro lens was mounted on the aluminum 

optical rail in front of the camera to increase the magnification of the spot weld. A cover lens 

was placed in front of the macro lens to protect the macro lens from weld spatter and 

condensation of the vapor plume. The rail was then mounted at a 15° angle from the table. The 

shallow angle was necessary to avoid oversaturation of light in the camera. At higher angles, the 

vapor plume absorbed the light that oversaturated the camera. A 530 nm LED was mounted on 

the other side of the system to illuminate the sample during welding. The LED was equipped 

with a convex lens to concentrate the light beam. A cover window was placed in front of the 

convex lens for protection against splatter. A schematic of the set-up is shown in Figure 3.12. A 

¼ in diameter NPT (national pipe tapered) tube was placed perpendicular to the LED and 
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camera. A gas flow rate of 18 L/min was applied to the samples during spot welding. 

Experiments were made with and without nitrogen shielding gas. 

To improve the collection rate of the camera the exposure time was limited to about 

64 µs and the region of interest was limited to 320 x 32 pixels. These camera settings resulted in 

a frame rate of 20,508 frames per second (fps). The camera was then connected to the laser so 

that when the laser was triggered, the camera turned on 1 ms before the laser turned on and ran 

12 ms after welding to capture the solidification of the molten pool.  

 

 
Figure 3.12: Schematic of the high speed video set-up. 

 

The coupons used during the integrating sphere experiment were used for the high speed 

video spot welds. The coupons were ground to 4000 grit to create a more reflective surface. The 

reflective surface improved the lighting for the system that allowed for faster frames rates to be 

possible. The surface was then cleaned with isopropyl alcohol. A 10 ms spot weld was then 

applied to the coupon while the high speed video collected the images. 

 

3.4.2 Prediction of the Vapor Plume 

The vapor plume has a profound effect on the weld bead morphology, specifically the 

penetration depth. Since there are compositional differences between wrought and AM material, 

the vapor plume behavior might differ, resulting in differences in weld bead morphology. The 
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partial pressures of the vapor plume were calculated using the predictive model proposed by 

Block-Bolten and Eagar [106]. The partial pressure of an element in the gaseous phase is 

determined by the sum of logarithms of the standard pressure and activity of the element in the 

alloy: 𝑙𝑜𝑔�̅�𝐴 = 𝑙𝑜𝑔𝑃𝐴° + 𝑙𝑜𝑔𝑎𝐴        (3.11) 

where �̅�A is the partial pressure of element A in the gaseous phase, 𝑃°
A is the standard pressure of 

pure element A, and aA is the activity of A in the alloy. The standard partial pressures of pure 

elements were found in thermodynamic/thermochemical tables [167, 168]. Thermo-Calc was 

used to determine the activity of an element within the wrought and AM composition at the 

welding temperature. 

 

3.4.3 Bead-on-Plate Laser Welds 

Linear, autogenous welds were made in wrought and AM coupons. The surfaces of the 

coupons were ground to 600 grit and ultrasonically cleaned in ethanol. Welds were produced 

parallel to the width of the sample as shown in Figure 3.13. The welds made in the wrought 

coupon were made perpendicular to the rolling direction. For the AM coupon that was built in 

the vertical direction, the welds were made perpendicular to the build direction. This means that 

if there is segregation within the build, each weld should have, relatively, the same composition. 

However, the composition might be different from weld to weld. For the AM coupon that was 

built in the horizontal direction, the welds were made parallel to the build direction. This spatial 

orientation means that if there is segregation along the build direction, each individual weld will 

experience the difference in composition from start to the end of the weld. If cross-sections are 

taken at the same location, then the composition should be the same for all the welds. Transverse 

cross-sections were collected and analyzed from the center of each weld. 

The top surface of bead on plate laser welds were used to calculate the solidification rate 

of the laser welds as shown in Figure 3.14. The solidification growth rate is calculated using  𝑅 = 𝑉 ∙ cos 𝜃                         (3.12) 

where R is the solidification growth rate, V is the weld travel speed, and θ is the angle between 

the solidification growth and weld travel direction [37]. 
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Figure 3.13: Schematic of the orientation of the laser welds with relation to the build direction. 

 

 
Figure 3.14: Schematic how the angle was determined for calculating the solidification rate. 
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CHAPTER 4 MATERIAL CHARACTERIZATION 

The base material used within this research has been characterized before laser welding 

was performed. Chemical composition, thermophysical properties, and microstructure analyses 

were performed on wrought and additive manufactured 304L stainless steel. 

 

4.1 Melt Pool Analysis 

Understanding the thermal history of AM components is important as thermal cycling can 

affect residual stress, defects, and elemental segregation. In particular, the latter since elements 

partition differently based on composition and temperature. If sections of the AM component 

have a different thermal history, it is possible that elements will partition to different regions 

thereby causing differences in mechanical properties. Measuring the thermal history of an AM 

component is very difficult, however, EOS has developed a melt pool monitoring system to help 

analyze the thermal history. Melt pool monitoring collects the radiation that is emitted from a 

layer. The energy of the radiation increases with increasing temperature and so this technique 

offers insight into the temperature profile. 

 

 
Figure 4.1: Exposure map of tensile bars demonstrating the effect of aliasing. 
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Screen shots were collected for the individual layers of the melt pool analysis. The 

magnifications at which the screen shots were collected are important because of aliasing. 

Aliasing occurs because the computer monitor does not have the resolution to fully convey all 

the data. The data is then averaged out, revealing patterns that are not truly there. Figure 4.1 

demonstrates the effect of magnification on aliasing. The image on the left is of a lower 

magnification which shows bands of light blue and dark blue. These bands suggest that there 

were hotter regions within the build. However, the image on the right is a higher magnification 

which does not show banding of light and dark blue, which means that hot spots did not exist 

within the blue regions, the banding occurred due to aliasing. 

Red lines are shown in all the builds, suggesting that these regions had become hotter, 

emitting more light. These red lines occur from overlap of the deposits and re-melting caused 

more light to be emitted. Figure 4.2 shows the scanning strategy for this layer. The deposits were 

created perpendicular to the overlap regions and are created in a snaking pattern across the build, 

as shown by the black arrows in Figure 4.2. The next section will be scanned once this section is 

completed. Therefore, the distance between two red stripes should be about 5 mm. This 

information is useful for the calculation of the angle of the scan rotation. However, the deposit 

stripes should overlap lengthwise as well, not just as the ends of the deposit stripes. Nevertheless, 

the intensities of the lengthwise overlap regions are not visible. The intensity within the blue 

region is relatively uniform.  

Most of the layers created with a 67° rotation scan pattern show a uniform exposure map. 

However, there are select layers that do show the lengthwise overlap of deposit stripes. 

Figure 4.3 shows the exposure map at a height of 9,000 µm which reveals the deposit stripes. 

The stripe overlap regions, in yellow, have a higher intensity, as expected. This detail in the 

exposure map occurs randomly, i.e. does not occur at specific layers. This type of behavior in the 

black-body radiation could be restricted due to the 67° scan rotation, resulting in a more 

homogenous intensity distribution. For all other layers created with a 67° scan rotation, the blue 

regions have a more uniform intensity profile as in Figure 4.2. 
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Figure 4.2: Scanning strategy of AM builds. 

 

 
Figure 4.3: Exposure map of two wall builds at a height of 9,000 µm (225th layer) demonstrating 

the deposit stripes (blue intensity), lengthwise stripe overlap (yellowish intensity), and width 

stripe overlap (red intensity). 
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Figure 4.4 shows the exposure map of the entire build. The larger square builds are 

waterfall builds. These were created to understand the effects of the raster pattern. Two builds 

were created with the normal scan strategy and are labeled 67°. Two waterfall builds were 

created with a 90° scan rotation and two waterfall builds were created with a 0° scan rotation. 

The locations of those builds are also labeled in Figure 4.4.  

There are three types of wall builds. The smaller wall builds, labeled number 2, contain 

the same geometry as discussed in Section 3.1. The yellowish looking wall builds were made 

with two laser passes which is why these builds exhibit a larger intensity than the other builds. 

The larger wall builds, labeled number 3, and the cylindrical builds were not for this study and 

will not be included in the melt pool analysis. To avoid aliasing, higher magnification images 

were captured for the wall builds and waterfall builds. 

 

 
Figure 4.4: Exposure map of the entire build area, collected at a height of 5,440 um (136th layer). 
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(a) 

 
(b) 

Figure 4.5: Exposure map of a waterfall build created with a 0° scan rotation, collected at a 

height of 5,440 µm (136th layer). 
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(a) 

 
(b) 

Figure 4.6: Exposure map of a waterfall build created with a 90° scan rotation, collected at a 

height of 5,400 µm (136th layer). 
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Figure 4.7: Exposure map of a waterfall build created with a 67° scan rotation, collected at a 

height of 5,400 µm (136th layer). 

 

The waterfall build created with a 0° scan rotation is shown in Figure 4.5. There are light 

blue bands that run across the sample, highlighted by the black lines in Figure 4.5(b). The 

intensity of the signal correlates with the temperature, so the higher the intensity, the higher the 

temperature. Bands of light blue intensity show that these regions were hotter than the other 

regions. The thickness of the bands increases from the bottom left corner to the top right corner. 

The banding does change with scan rotation. The degree of banding decreases as the scan 

rotation becomes more complex. Figure 4.6(a) shows smaller bands of light blue. The bands do 

not curve as they did with the 0° scan rotation, however, they do seem to fan out as demonstrated 

by the black arrows in Figure 4.6(b). At 67° the intensity is uniform with no evidence of intensity 

bands within this layer as shown in Figure 4.7. 

This technique provides some insight on the effect of scan rotation on the temperature 

profile of an AM build by the intensity at which light is emitted by the molten metal. However, 

these measurements did not truly track temperature and so it is unclear when an AM build 

reaches a steady-state temperature profile. Melt pool monitoring has helped to gain 

understanding on the effect of scan rotation. Simple scan rotations of 0° and 90° produce larger 

thermal gradients in AM builds than with the AM builds that were produced with a 67° rotation. 
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Since the 67° scan rotation creates a relatively uniform intensity profile, segregation might be 

lesser of an issue. 

 

4.2 Material Composition 

The compositions of the additive manufactured wall builds and wrought 304L material 

are shown in Table 4.1. Even though the major elements such as chromium and nickel had 

similar concentrations, there were a few elements whose differences in composition were of 

concern. First, the carbon content was much larger within the wrought material and barely meets 

the L grade requirement. This difference might be significant enough to shift the austenite 

stability and limit the amount of delta ferrite upon laser welding. Also, since the carbon content 

is at the upper limit of the L grade, sensitization would also be of concern. The phosphorous 

content is a magnitude higher within the wrought material than the AM material. This higher P 

concentration was an issue because at concentrations greater than 0.025 wt.%, phosphorous can 

promote hot cracking. Oxygen showed the largest difference between the AM builds and the 

wrought product. The AM builds contained 380 ppm oxygen while the wrought material 

contained only 57 ppm of oxygen. Since oxygen is a surface active element, there are concerns 

that the Marangoni flow may be affected for welds produced under conduction mode. The 

differences in composition might also lead to a difference in vapor plume behavior which results 

in a difference in bead morphology when operating under keyhole mode. 

 

Table 4.1: Composition of AM 304L and wrought 304L in weight percent. The AM composition 

was provided by LANL. 

Material C Cr Mn Mo N Ni O P S Si Fe 

AM 

304L 
0.011 18.41 1.52 0.004 0.053 9.56 0.038 0.005 0.002 0.58 Bal. 

Wrought 

304L 
0.043 18.22 0.90 - 0.049 8.06 0.0057 0.037 0.004 0.40 Bal. 

 

Since additive manufactured components are somewhat similar to multi-pass welding, 

macrosegregation was of concern. Samples were collected from the vertical wall build to 

determine if oxygen or nitrogen segregated throughout the height of the build using the LECO 

analyzer. Each sample most likely contained hundreds, probably thousands, of layers meaning 

that each experimental measurement would be a bulk measurement and average of many, many 
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layers. Figure 4.8 shows the oxygen and nitrogen concentrations of the wall build as a function 

of build height. Ultimately, there was very little change in the oxygen and nitrogen concentration 

as a function of build height. Nitrogen seemed to oscillate between 0.049 and 0.05 wt.%, which 

was still within the acceptable range for 304L stainless steel. These numbers verified that the 

additive manufacturing process did not significantly affect the nitrogen content. The oxygen 

slightly decreased with increasing build height. However, the change was small. One possible 

interpretation to these findings would be that this technique was not sensitive enough to detect 

macrosegregation. Another possibility is that there was no significant macrosegregation during 

powder bed additive manufacturing. The cooling rate of powder bed additive manufacturing is 

very fast, on the order of 105 to 106 °C/s, which reduces the time for solutes to segregate [169].  

  

 
Figure 4.8: Oxygen and nitrogen concentration as a function of build height. Data collected using 

the LECO analyzer. 

 

Table 4.2: Oxygen and nitrogen concentrations as a function of build height. 

Distance  

(in) 

Oxygen Concentration  

(wt. %) 

Nitrogen Concentration  

(wt. %) 

0.40 0.03279 0.05022 

0.80 0.03246 0.04873 

1.20 0.02912 0.05048 

1.60 0.03205 0.04984 

Average 0.03161 ± 0.00168 0.04982 ± 0.00077 



78 
 

Since the LECO analysis is a bulk analysis, spot EDS was performed on individual layers 

within the AM build. The scanning electron micrographs showing the locations of the spot EDS 

analysis are shown in Figure 4.9. The spots were collected close to the fusion line and centers of 

the layers. If macrosegregation is present, there should be a distinct trend for compositional 

differences from position Al to position B2. The major elements iron, nickel, and chromium did 

not significantly change and therefore not be the focus of this discussion. Instead, the concern 

was with oxygen, nitrogen, silicon, and manganese as macrosegregation of these elements would 

have a large effect on the vapor plume behavior and therefore affect the keyhole.  

The oxygen concentrations collected from the various positions are shown in Figure 4.10. 

The oxygen concentrations are higher from EDS compared to the LECO analysis because EDS 

becomes less accurate for lighter elements. Another reason could also be due to a passive 

chromium oxide film that forms on the surface of stainless steels. Therefore, EDS is measuring 

both the oxygen within the passive film and within the base material. Comparing all the positions 

shows that there is no significant change from the very bottom of the build to the very top of the 

build; the oxygen concentration varies between 3.7 and 3.9 weight percent at each position. 

However, there is presence of microsegregation within a few layers. For example, in 

Figure 4.10(a), from spot 2 (located below a fusion line) to spot 3 (located above a fusion line) 

there was a decrease in the oxygen concentration. This trend did not hold true for all layers. In 

Figure 4.10(c), there was an increase in the oxygen content from spot 18 (below a fusion line) to 

spot 19 (above a fusion line). The position that showed the clearest trend is position B2, in 

Figure 4.10(d), which showed a decrease in oxygen content with increasing build height.  

The nitrogen concentrations collected from the various positions are shown in 

Figure 4.11. The nitrogen content measured with EDS is larger than what was measured with the 

LECO analyzer. As discussed earlier, EDS is not as accurate with light elements and therefore 

might detect more than the actual value. The concentration profiles were very similar to the 

oxygen concentration profiles in Figure 4.10. Since both elements were interstitials, it is possible 

that the segregation behavior would be similar for the two elements. Positions A1, A2, and B2 

show a relatively steady nitrogen concentration as a function of position. The largest variation in 

nitrogen concentration was at position B1. The nitrogen concentration ranged between about 

2.15 to 2.3 weight percent between each position.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.9: Scanning electron micrographs showing the locations where spot EDS were collected 

within positions (a) A1, (b) A2, (c) B1, and (d) B2. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.10: Weight percent oxygen collected from positions (a) A1, (b) A2, (c) B1, and (d) B2. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.11: Weight percent nitrogen collected from positions (a) A1, (b) A2, (c) B1, and (d) B2. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.12: Weight percent silicon collected from positions (a) A1, (b) A2, (c) B1, and (d) B2. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4.13: Weight percent manganese collected from positions (a) A1, (b) A2, (c) B1, and (d) 

B2. 
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Silicon concentrations are shown in Figure 4.12. Just as oxygen and nitrogen, there did 

not seem to be significant evidence of macrosegregation. The silicon ranged between about 0.9 

to 1.08 weight percent. Depending on the position, microsegregation seemed to take place. 

Position A1, B1, and B2 showed variation in the silicon concentration. At positions A1 and B1 

the silicon concentration increased with progressing layers. However, position B2 exhibits a 

large increase from 0.9 to 1.01 and then decreased from 1.01 to 0.89. At position A2, there was 

little variation in the silicon concentration.  

Like the other substitutional elements, there was little evidence of macrosegregation of 

manganese as shown in Figure 4.13. The manganese concentration ranged from 1.3 to 1.6 weight 

percent. There was some microsegregation within position A1, the other positions exhibited 

microsegregation to a lesser degree. In position A1, there was an increase in manganese from 1.3 

to 1.6 weight percent with progressing layers. For positions A2, B1, and B2, the manganese 

concentration was close to 1.45 weight percent. The average concentrations for the elements 

measured by EDS are shown in Table 4.3. 

 

Table 4.3: Average elemental concentrations measured by EDS in weight percent. 

N O Si Cr Mn Fe Ni 

2.20 ± 0.08 3.79 ± 0.09 1.01 ± 0.07 17.62 ± 0.12 1.44 ± 0.07 64.85 ± 0.19 9.09 ± 0.15 

 

The absence of macrosegregation is a benefit as it can cause microstructural changes and 

mechanical property variation. Macrosegregation is inhibited in laser powder bed additive 

manufacturing because of the rapid cooling rates and the more complex scanning rotation. As 

discussed in Section 4.1, a scan rotation of 67° produced a uniform intensity profile throughout 

the build which means that the microsegregation should be the same, except within the red 

overlap regions. Those regions experienced a higher intensity profile and therefore the partition 

coefficient will be different within these regions. The larger degree of microsegregation could be 

due to overlap of the red bands from layer to layer as shown in Figure 4.14, and the lack of 

microsegregation could be due to overlap of the blue regions. The degree of microsegregation 

seems to be dependent on the location. Positions A1 and B1 exhibit the largest variation in 

composition for oxygen, nitrogen, silicon, and manganese. Those images could have been close 
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to the red overlap regions. While positions A2 and B2 show little variation in composition from 

layer to layer, which could be within the blue overlap regions.  

 

 
Figure 4.14: Exposure map of two layers demonstrating regions of the red overlap lines 

designated by the black arrows.  

 

4.3 Microstructure 

A representative micrograph of the top view of wrought 304L stainless steel 

microstructure is shown in Figure 4.15. The microstructure consists of equiaxed austenitic grains 

with small amounts of delta ferrite precipitates. The equiaxed grains have an average diameter of 

about 39.6 ± 11.8 µm. During welding, it is possible that epitaxial growth will occur near the 

fusion line, possibly creating grains with similar size as the wrought material. However, new 

grains will nucleate in a more favorable solidification direction and the grain size will deviate 

from the base metal grain size. The top view of wrought 304L did not show evidence of rolling. 

When viewing the longitudinal cross-section of the wrought specimen, there is evidence of the 

rolling direction as shown in Figure 4.16. The wavy lines are due to rolling. The small delta 

ferrite precipitates are then elongated along the rolling direction. 

As-built AM 304L stainless steel microstructure is more complicated and a few etchants 

were used to reveal different features. A microstructural cube is shown in Figure 4.17(a) 

revealing the microstructure of the AM build cross-sectioned at different orientations. The side 

and front view of the AM build are similar; revealing fusion lines that look like transverse cross-

sections of a weldment, as demonstrated by the white arrow labeled number 1 in Figure 4.17(b). 

Within each deposit, are small elongated grains; an example of one is shown with a white arrow 

labeled number 2 in Figure 4.17(b). The average width of a grain if 13.3 ± 6.2 µm and the 

average length is 51.0 ± 20.4 µm. There is large variation in the grain length because of epitaxial 
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growth, with some grains spanning across multiple layers (or deposits). A white arrow labeled 

number 3 in Figure 4.17(b), shows an epitaxial grain that spans across three deposits. Figure 4.18 

shows the distribution of grains that underwent epitaxial growth. About half of the grains are 

within one AM layer, meaning no epitaxial growth. The other half exhibited epitaxial growth and 

that the most common case of epitaxial growth spanned only across two layers. There were fewer 

grains that spanned across three and four layers. It is more common for new grains to nucleate in 

a more favorable orientation. The top of the build is shown in Figure 4.17(c). The fusion lines of 

the deposits are visible revealing the width of each deposit. The grains appeared more irregular 

than the equiaxed grains in wrought 304L. Aqua regia helped to reveal grain boundaries but it 

did not reveal the substructure within an AM build. A micrograph of as-built AM 304L etched 

with 10 vol.% oxalic acid is shown in Figure 4.19. The darker regions revealed cellular 

substructure and the white regions revealed massive austenite. This solidification behavior has 

been extensively studied by Wilson [169]. Upon any heat treatment, the substructure and fusion 

lines are removed.  

 

 
Figure 4.15: Micrograph of the top view of wrought 304L stainless steel, etched with 10 vol.% 

oxalic acid. 
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Electron backscatter diffraction was performed on the front side of as-built AM 304L 

because this is the side where welds will be made on. Figure 4.20 shows the image quality map 

and inverse pole figure of as-built AM 304L material. The texture of the front side is random, 

showing a low degree of texture. Welding of the front side should also produce a random texture 

which is desired for more uniform mechanical properties. The solidification of individual 

deposits shows different structures. For example, at point A, there is a large grain that sweeps 

along the deposit fusion line. The following grains within that deposit solidify from the center to 

the outer edge of the deposit which is not typical of a weldment. At point B, new, smaller grains 

nucleate off the fusion line solidifying towards the center of the deposit which is more typical of 

a weldment.  

 

 
Figure 4.16: Micrograph of the longitudinal cross section of wrought 304L stainless steel, etched 

with aqua regia. 

 

Figure 4.21 shows an image quality map and phase map of the same region as 

Figure 4.20. The scan was set to detect austenite, delta ferrite, and sigma. Due to the complex 

thermal cycling of additive manufacturing, a secondary precipitate could have formed. However, 

the phase map shows that the as-built AM 304L stainless steel sample is completely austenitic. 

There are some spots near grain boundaries that look like possibly delta ferrite or sigma phase.  
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(a) 

 
(b) 

 
(c) 

Figure 4.17: Microstructure of as-built AM 304L etched with aqua regia showing (a) 

microstructural cube of all sides of the AM build, (b) side view, and (c) top view. 
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Figure 4.18: Distribution of grains spanning across the AM layers. 

 

 
Figure 4.19: As-built AM 304L micrograph etched with 10 vol.% oxalic acid. 
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Figure 4.20: Electron back scatter diffraction of as-built AM 304L showing image quality plus 

inverse pole figure. 

 

        
Figure 4.21: Electron back scatter diffraction of as-built AM 304L showing image quality plus 

phase map. 
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Grain boundaries have lower confidence indexes because two grains can overlap causing the 

Kikuchi patterns of the two grains to overlap. To clarify if sigma precipitated within a grain 

boundary, the Kikuchi patterns were indexed at the grain boundary and on either side. Just as 

was suspected, the two austenite grains were overlapping. The absence of secondary phases 

shows that the AM parameters were sufficient in producing a fully austenitic microstructure. 

 

4.3.1 Defects 

The AM builds contained only porosity as defects as shown in Figure 4.22(a). The 

porosity formed along the fusion lines of the deposits which suggests lack of fusion. The porosity 

labeled A are small and slightly elongated along the fusion line between two deposits as shown 

in Figure 4.22 (b). The porosity labeled B look like small triangles and are located where three 

deposits meet. This type of porosity occurs when the bottom deposit was not fully melted by the 

top two deposits. Most of the porosity was irregular in shape and size and were located near 

fusion lines. Gas porosity was not observed within the AM builds. This is an important 

observation as welding over entrapped gas can cause the welding behavior to shift. The lack of 

gas porosity is also surprising as these builds were created in an Argon atmosphere which tends 

to produce porosity in austenitic stainless steels. These builds were around 98% dense and 

therefore should not be cause any issue when welding the material. 

 

 
(a)                                                                              (b) 

Figure 4.22: Porosity in as-Built AM 304L, etched with aqua regia. (a) original image and (b) 

image with fusion lines highlighted where porosity formed. 

 

 



92 
 

4.3.2 Additive Manufactured Deposit Geometry 

The layers in laser power bed AM are created by raking a 40 µm layer of powder over the 

bed. Therefore, the assumption is that each layer should have a thickness of 40 µm. Ideally, the 

laser does not re-melt previous layers and so that each deposit should have a height of about 40 

µm. To determine if this assumption about the deposit height is true, the as-built microstructure 

was analyzed. A micrograph of the as-built deposits is shown in Figure 4.23(a). The fusion lines 

of the deposits are outlined in white in Figure 4.23(b). The deposit height and width were 

measured as demonstrated by the yellow arrows in Figure 4.23(b). From these measurements, it 

is obvious that the deposit height and deposit width varies with every layer. Within this 

micrograph, the deposit width ranged from 81 to 139 µm and the deposit height ranged between 

44 to 124 µm. Assuming that the deposit width did not change, and the maximum length of a 

deposit was 5 mm, then the change in width in the cross-sections would have been caused by 

scan rotation. Rosenthal et al. [170] also contributed the deposit width variation to the 67° scan 

rotation in additive manufactured aluminum alloys. 

 

 
Figure 4.23: (a) macrograph of as-build AM 304L with (b) fusion zones highlighted, 

demonstrating the difference in deposit geometry from layer to layer. 
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Figure 4.24 shows a schematic demonstrating the effect of the scan rotation. The blue 

rectangle represents a top-down view of a deposit with a width of 1 in. With a 0° scan rotation, a 

transverse cross-section, indicated by the red line, reveals the actual width of the deposit of 1 in. 

By rotating the deposit and keeping the same cross-sectional plane, the perceived deposit width 

increases. The maximum perceived deposit width would occur when the cross-section was at the 

hypotenuse of the deposit. This reasoning shows that every layer should have a different 

perceived deposit width since each layer rotates 67°.  

 

 
Figure 4.24: Schematic demonstrating the effect on the scan rotation on the perceived width 

given a set cross-section plane. 

 

 
Figure 4.25: Schematic of a top down view of a deposit, demonstrating that the cross-section is 

the hypotenuse of a right triangle. 

 

To take this thought process one step further, it may be possible to look at the potential 

patterns that develop in the deposit morphology as a function of build height. The weld widths 
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perceived at a specific cross section is the hypotenuse of a right triangle as shown in Figure 4.25. 

Since the angle of the scan rotation is known, θ, and the weld width is known, then the 

hypotenuse can be calculated by the law of cosines. The following assumptions were made: 

1. The first layer has a 0° scan rotation. Subsequent layers are rotated 67°. 

2. The deposit width is set at 80 µm, the smallest weld width measured within 

Figure 4.23. 

3. The maximum deposit length is set at 5000 µm (5 mm). 

The calculated perceived weld widths are plotted as a function of the layer number shown in 

Figure 4.26. A pattern does form within the build. Obviously, there is a pattern that develops for 

every 360°. However, there is a pattern that develops every 90° showing mirror symmetry in the 

perceived weld widths. The most common occurring perceived deposit width is 80 µm, the set 

width of this thought experiment.  

 

 
Figure 4.26: Perceived weld width as a function of layer (an scan rotation). 

 

The variation in deposit width has been explained by the 67° scan rotation. However, the 

scan rotation does not explain the variation in the deposit height. The most probable explanation 

for the variation in deposit height is that layers are re-melted. Since powder is raked over the 

powder bed, the packing of the powder is probably loose resulting in a large free mean path. 

When the laser scans across the powder, the laser achieves multiple reflections due to the large 
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free mean path. Establishing multiple reflections improves the coupling efficiency and therefore 

can cause re-melting of previous layers. 

 

4.4 Differential Scanning Calorimetry 

The first and second melting of the DSC sample will be considered. Typically, the first 

melt is discarded due to influences from impurity elements. However, those impurity differences 

in composition and the beginning microstructure are the two largest differences between wrought 

and AM 304L. Therefore, both melts will be discussed. The slightest peak or trough in the DSC 

data can indicate some physical phenomenon, like a phase transformation. Therefore, some of 

the subtle changes in the DSC data will be discussed. A summary of the onset temperatures and 

peak temperatures are shown in Table 4.4. 

The first melt heat flow for wrought 304L is shown in Figure 4.27(a). There is a large 

peak that formed around 198°C which is most likely the removal of impurities from the sample 

surface. For example, methanol film residue from the cleaning of the samples. There is a wide 

peak that ranged over 580 to 1078°C. This could indicate the transition from austenite to delta 

ferrite plus austenite (γ → γ + δ). The pseudo binary phase diagram, in Figure 4.28, shows that 

for wrought 304L stainless steel used in this study, the transition γ → γ + δ occurs close to 

580°C. The onset of melting (Tm) occurs close to 1427°C. The first solidification of wrought 

304L is shown in Figure 4.27 (b). The first onset of solidification occurs at 1362°C. Ideally, the 

onset temperature of melting and solidification should occur at the same temperature for a pure 

metal. The difference in onset melting and onset freezing temperature could differ because an 

alloy was used instead of a pure metal and because the heating and cooling rates were faster 

producing nonequilibrium conditions [171]. 

 

Table 4.4: Summary of the onset temperatures for wrought and AM 304L. 

Material 
Onset Temp. for 

Melting 

Peak Temp. for 

Melting 

Onset Temp. for 

Freezing 

Peak Temp. for 

Freezing 

Wrought 304L 

(1st Melt) 
1427°C 1475°C 1378°C 1378.5°C 

Wrought 304L 

(2nd Melt) 
1443°C 1476°C 1362°C 1362.5°C 

AM 304L 

(1st Melt) 
1438°C 1463°C 1384°C 1383°C 

AM 304L 

(2nd Melt) 
1445°C 1450°C 1383°C 1382.5°C 
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(a) 

 
(b) 

Figure 4.27: Heat flow as a function of temperature for wrought 304L at the (a) first melting and 

(b) first solidification. 
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The second onset temperature for melting is shown in Figure 4.29(a). The DSC data has 

smoothed out compared to the second melt which suggests that there were impurities affecting 

the DCS data within the first melt. The onset temperature occurs at 1443°C. This is significantly 

higher than the onset temperature from the first melt (1427°C). Mass loss was not measured 

during the experiment, however, there was a lid that kept vapor from escaping the crucible. It is 

possible that within the first melt, there were elements that suppressed the melting temperature 

that could have vaporized and deposited onto the crucible walls, thus increasing the melting 

temperature of the second melt. This is a plausible explanation because inside the crucible was 

pink discoloration that indicated a vapor deposited on the crucible walls. The second onset 

temperature for solidification occurred at 1362°C as shown in Figure 4.29(b). The onset 

temperature for solidification is lower than first melt (1378°C). Since the cooling rate has not 

changed, vaporization of elements must have also affected the solidification temperature. 

 

 
Figure 4.28: Pseudo binary phase diagram for austenitic stainless steels [172]. The acceptable 

Creq/Nieq range for 304L stainless steel is designated by the black vertical dashed lines, the 

Creq/Nieq for wrought 304L in this study is designated by the red dotted line, and the Creq/Nieq 

for AM 304L is designated by the blue dashed line. 
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(a) 

 
(b) 

Figure 4.29: Heat flow as a function of temperature for wrought 304L at the (a) second melting 

and (b) second solidification. 
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(a) 

 
(b) 

Figure 4.30: Heat flow as a function of temperature for AM 304L at the (a) first melting and (b) 

first solidification. 
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(a) 

 
(b) 

Figure 4.31: Heat flow as a function of temperature for AM 304L at the (a) second heating and 

(b) second solidification. 
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The heat flux for the first melt in AM 304L is shown in Figure 4.30(a). A peak occurs at 

about 187°C due to removal if impurities from the sample surface, similar to the peak exhibited 

in wrought 304L. There is a small peak that occurs around 1070°C that does not occur in 

wrought 304L. This temperature does not correlate to a phase change within the pseudo binary 

phase diagram in Figure 4.28 for the Creq/Nieq of AM 304L (blue dashed line). This might not 

indicate a phase transformation from austenite to delta ferrite plus austenite (γ → γ + δ), but it 

could indicate the solidus temperature. The onset melting temperature occurs at 1438°C which is 

higher than the onset melting temperature for wrought 304L (1427°C). The lower onset 

temperature for wrought 304L could be due to the higher concentration of carbon and 

phosphorous in wrought 304L. Figure 4.30(b) shows the onset solidification temperature, which 

occurs at 1384°C. This is slightly higher than the first onset solidification temperature of 

wrought 304L (1378°C). A second peak occurred with an onset temperature of 1348°C which 

indicates a second phase change. This could be evidence of precipitation forming under 

nonequilibrium conditions. However, since this is the first melt, this microstructure is changed 

upon the second heat and is difficult to determine exactly what the second peak signifies. 

The heat flux for the second melt is shown in Figure 4.31(a). The onset temperature for 

melting is about 1445°C. This is very close to the onset temperature of wrought 304L (1443°C). 

The peak within the second AM 304L melt deviates from linearity. This suggests that some 

changes in the material are still occurring. Possibly the precipitation that occurred at 1348°C 

within the first melt is dissolving at the higher temperatures within the second melt. The heat 

flow in AM 304L for the second solidification is shown in Figure 4.31(b). The onset 

solidification temperature occurred at 1383°C. A second peak was not detected which suggests 

that a secondary phase did not precipitate. The onset solidification temperature in AM 304L is 

about 20°C higher than the onset solidification temperature of wrought 304L. Recent 

developments on the characterization of AM 304L stainless steels have revealed that small 

oxides precipitate within grain boundaries on the scale of nanometers. It is possible that these 

small oxides act as a nucleus for solidification to occur at higher temperatures.  

According to the second melt, the melting point is about the same for both wrought and 

AM 304L. If there are differences in weld bead morphology or weld bead area, it is not due to 

differences in the melting point. This is assuming that the first melt is not an accurate 

representation of the material. Typically, the first melt is thrown out due to impurities, however, 
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the impurity difference between wrought and AM drive the melting point to change between the 

two material. The first melt might be more representative; however, a larger study is required for 

an accurate analysis of the first melt.  

 

4.5 Microhardness 

 Microhardness maps were collected from wrought 304L and AM 304L. There was 

concern for softening in the AM build due to the complex thermal history. A microhardness map 

collected at the bottom of the AM 304L build is shown in Figure 4.32(a). Though it looks like 

there is banding in hardness, this goes away toward the top of the build, shown in Figure 4.32(b). 

The average microhardness at the bottom of the build is 216 ± 7.9 HV and the average 

microhardness at the top of the build is 212 ± 7.2 HV. These results show that the microhardness 

is the same from the bottom of the build to the top of the build. 

 

 

 
(a) 

Figure 4.32(a): Microhardness maps of as-built AM 304L collected at the bottom of the build. 
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(b) 

Figure 4.32(b): Microhardness maps of as-built AM 304L collected at the top of the build. 

 

 
Figure 4.33: Microhardness map of as received wrought 304L stainless steel. 
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The microhardness map for wrought 304L is shown in Figure 4.33. The average 

microhardness of wrought 304L is 198 ± 7.2 HV. The as-built AM 304L stainless steel build has 

a higher microhardness than the wrought 304L stainless steel. There are a few reasons that could 

explain why AM 304L has higher microhardness. As-built AM 304L contains higher residual 

stresses than wrought 304L which could increase the microhardness. AM 304L has a smaller 

grain size than wrought 304L which can contribute to the higher microhardness. Finally, AM 

304L has been known to contain small oxides, perceivable only in TEM, within grain boundaries 

which can also increase microhardness. 

 

4.6 Summary  

The additive manufacturing process produces material with a complex thermal history, 

with a composition that contains more oxygen than its wrought counterpart and contains a 

complex microstructure. For all these differences, the laser welding behavior of AM 304L might 

be different from laser welding of a wrought product.  

 Melt pool monitoring was used to measure the intensity of radiation that each layer 

emitted. However, this technique does not provide a true temperature profile. So, understanding 

when the build reaches a steady state temperature is still unknown. This technique did reveal that 

the scan strategy is important. Keeping a simple scan strategy of 0° or 90° created bands of light 

and dark blue intensity which implies two different temperature regimes. However, with a 67° 

scan rotation, the intensity profile is uniform, which implies that the temperature profile is 

uniform throughout the entire build. It is important that the temperature profile is uniform so that 

the microsegregation behavior is the same throughout the build, since microsegregation is related 

to temperature and composition.  

 There are compositional differences between wrought and AM 304L stainless steel that 

are a concern for laser welding. The wrought 304L stainless steel contains a higher concentration 

of carbon which means that the weld is potentially more susceptible to sensitization. Also, 

wrought 304L contains 0.037 wt.% phosphorous which promotes hot cracking in austenitic 

stainless steels. At this concentration even solidifying as primary ferrite might not be enough to 

hinder hot cracking. Additive manufactured 304L contains higher concentrations of oxygen 

which is a surface active element which can affect the surface tension of the molten material as 

well as change the vapor plume behavior. Since additive manufacturing is somewhat similar to 
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multi-pass welding, macrosegregation was a concern. Large scale macrosegregation was not 

found through EDS analysis, however, some regions within the builds exhibited some 

segregation through two or three layers, and then the pattern is repeated. The macrosegregation 

would be limited due to the rapid cooling rate and the scan rotation. Since macrosegregation does 

not occur on a large scale, the location of where a laser weld is made should not be a concern. 

 The microstructure of wrought 304L stainless steel contains austenitic equiaxed grains 

with a small amount of delta ferrite. The AM 304L stainless steel consists of a fully austenitic 

microstructure with lack of fusion porosity. In the as-built condition, the fusion zone of each 

deposit is visible. There is variation in the deposit width and height. The variation in the deposit 

width is due to the perspective of the cross-sectional plane and the scan rotation. However, the 

variation is deposit height is still unclear, as re-melting of multiple layers is undesired. 

 The onset melting temperature was calculated using DSC. According to the second onset 

melting temperature, there is no difference between wrought 304L and AM 304L. This means 

that it should take the same energy to melt the wrought and the AM 304L stainless steel. There 

does seem to be a difference in the microhardness, where the AM 304L build is harder, which 

can be attributed to the as-built condition. Additive manufacturing leads to higher residual 

stresses, due to the thermal cycling of the process. The excess dislocations strengthen the build 

compared to wrought 304L stainless steel. The finer grain size (grain width) and oxides can also 

contribute to the hardness as well.  

 Ultimately, the concerns for welding between wrought and AM 304L are the differences 

in composition and microstructure. The oxygen concentration is much higher in the AM 304L 

stainless steel which can affect the molten pool flow, keyhole stability, and vapor plume. During 

conduction mode welding, the oxygen can cause the surface tension gradient to be positive 

resulting in inward fluid flow. In transitioning from conduction to keyhole mode, a larger surface 

tension gradient can cause the keyhole to close, thus affecting the keyhole stability. Finally, 

oxygen can be released in the vapor plume, changing the characteristics of the vapor plume 

behavior. Since the vapor plume has a strong relationship with penetration depth, differences in 

composition will result in different vapor plume characteristics.   
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CHAPTER 5 LASER INTERACTION  

This chapter discusses the results from the integrating sphere, including the raw data, 

specular reflection, dynamic absorptance, time-to-keyhole, coupling efficiency, and spot weld 

analysis. 

 

5.1 Data from the Integrating Sphere Experiments 

The data includes the power made from the laser beam, designated as Po, the power 

collected from the weld head, named Phead, and the power collected from the sphere, Psphere. By 

using Equation 3.3, the power absorbed by the sample, Pabs, was calculated. An example of the 

data is shown in Figure 5.1. This sample was of a spot weld made in wrought 304L made at a 

low power (117.8 W or 1.178 J), and under conduction mode. Since the weld was made under 

conduction mode, more power was reflected within the sphere, resulting in less power absorbed 

by the sample. It is possible to track the transition from conduction to keyhole mode using this 

data. 

 

 
Figure 5.1: The calculated powers of the system. Po is the applied laser power, Phead and Psphere 

are the powers reflected to the weld head and integrating sphere respectively, and Pabs is the 

power absorbed by the sample. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 5.2: Progression of the data in wrought 304L, with nitrogen shielding gas, as power 

increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, (g) 

388.6 W, (h) 455.7 W, and (i) 537.8 W. 

 

Figure 5.2 shows the progression of the data as power increased. With increasing laser 

power, the sample also began to absorb more power as less power was scattered into the 

integrating sphere. From the data, it seemed as though the transition occurred at an energy of 

2.889 J (or at 288.9 W) as shown in Figure 5.2(d). At this point, the power reflected was close to 

the power absorbed by the sample. A keyhole began to form when the power absorbed is larger 

than the power reflected to the sphere. At a power of 322.5 W, shown in Figure 5.2(e), the power 
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scattered in the sphere and power absorbed fluctuated, likely indicating the keyhole opening 

(when Pabs > Psphere) and closing (when Psphere > Pabs) which represented an unstable keyhole. 

Figure 5.2(f) shows that after about 2 ms, the power absorbed by the sample was greater than the 

power reflected to the sphere. This was the moment that marked the beginning of keyhole 

formation. The energy distribution clearly indicated that a stable keyhole had been established.  

At an applied laser energy of about 3.2 J, keyhole instability was observed in the spot 

welds made in wrought 17-4 and wrought 304L with nitrogen shielding gas, as shown in 

Figure 5.3(a) and (b). For the spot welds made in the various AM material conditions with 

nitrogen shielding gas, the keyhole appeared more stable with less variation in the absorbed 

power than in the wrought spot welds. However, the signals observed in the AM material 

exhibited greater noise than in the spot welds made in the wrought material. For spot welds made 

in wrought 304L with no shielding gas, the keyhole instability was more apparent at an applied 

laser energy of 3.56 J. The larger fluctuation in absorptance was more regular than the 

fluctuations observed in the nitrogen shielding gas. This behavior might be the result of 

differences in surface tension between the samples made in air and in a nitrogen shielding gas. 

The keyhole instability can be attributed to the laser that caused the vapor plume to form (which 

would open a cavity) and to the closure of the cavity because of the surface tension of the molten 

pool. When the cavity was open, there would be an increase in the power absorbed, and with the 

closure of the cavity, there would be a decrease in the power absorbed. In addition to blowing 

away the vapor plume, the nitrogen shielding gas also prevented the surface active element, 

oxygen, to affect the surface tension. The above discussion is likely the cause of different energy 

fluctuation behaviors in wrought 304L made with and without a shielding gas. No obvious 

instability in the keyhole behavior was observed in the AM material spot welds made without a 

shielding gas. Perhaps compositional differences allowed the keyhole to remain open during the 

spot welding. More thorough examination needs to be conducted, however, for clarifying these 

other cases. 

The data has given some insight on the transition to keyhole and perhaps at what energy 

the keyhole is most unstable. It is possible that more information can be gleaned from the data; 

specifically, from the specular reflections to the weld head and the power absorbed by the 

sample.  
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(a) (b) 

   
(c) (d) (e) 

  
(f) (g) 

Figure 5.3: Data collected at an energy around 3.2 J for samples made with nitrogen shielding 

gas (a) wrought 17-4, (b) wrought 304L, (c) AM 304L, as-built, ground, (d) AM 304L, as-built, 

untreated, and (e) AM 304L, heat treated, ground and samples made without shielding gas for (f) 

wrought 304L and (g) AM 304L, as-built, and ground. 

 

5.1.1 Laser Reflection to the Weld Head 

A peak in the reflection to the weld head was observed at the beginning as showed in 

Figure 5.4. As time progressed, the specular reflection decreased until it was well below the 

noise floor of the experiment. The initial peak in the specular reflection was caused by the 

surface condition of the sample. Figure 5.4A exhibits the specular reflection of as-built AM 304L 
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that had a ground surface finish. This reflection was significantly higher than the specular 

reflection produced by as-built AM 304L left untreated, as shown in Figure 5.4B. A rougher 

surface would act less reflective to result in a weak specular reflection. The surfaces that were 

ground and more reflective than the molten pool would cause a peak in the specular reflection. 

As the molten pool developed and grew, there was a decrease in specular reflection. The rough 

surface also produced more diffuse scattering and more regions for multiple reflections to take 

place, therefore limiting the amount of specular reflections.  

 

 

 
Figure 5.4: Power reflected to the weld head made with an applied laser power of 355.4 W 

(3.554 J) in (A) AM 304L, as-built, and ground and (B) AM 304L, as-built, ground. Both data 

sets were taken from samples made with a nitrogen shielding gas. 

 

The specular reflection is more related to the initial surface condition than it is to the type 

of material. The peak power of the specular reflection as a function of applied laser energy is 

shown in Figure 5.5 and the values are listed in Table 5.1. As mentioned earlier, a general trend 

for samples that had a ground surface exhibited an increase in the peak specular reflection with 
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increasing applied laser power (energy). Wrought 304L might have produced a larger peak in 

specular reflections because the surface was measured as the smoothest and the shiniest. Small 

differences in the surface roughness even between the ground specimens could result in 

differences in the peak specular reflections. The largest difference is the untreated AM sample 

which exhibited much lower peak specular reflections as discussed earlier. 

 

 
 

Figure 5.5: Peak power in the weld head reflection as a function of applied laser energy for all 

the materials of interest made with nitrogen shielding gas. 

 

In general, as applied power (or energy) increased, the specular reflection increased as 

demonstrated in Figure 5.6. For as-built AM 304L with a ground surface, an increase of power 

from 117.8 to 254.7, to 355.4, and to 455.7 W resulted in an increase in peak specular reflection 

values of 7.8, 20.3, 48.0, and 65.8 W, respectively. This increase was expected since a larger 

incident power would result in a larger reflected power. Another aspect of the specular reflection 

that changed with applied power was the width of the specular reflection peak. The width of the 

peak specular reflection decreased with increasing applied powers. A strong peak in specular 

reflection would indicate a solid and shiny surface. As the applied power increased, a molten 

pool would be expected to develop sooner which means that the peak in specular reflection 

should occur sooner and for a shorter time duration.  
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Table 5.1: Specular reflection values for all the materials of interest. 

Energy 

(J) 

Wrought 17-4 

(W) 

Wrought 304L 

(W) 

AM 304L AB 

GR (W) 

AM 304L AB 

UT (W) 

AM 304L HT 

GR (W) 

1.178 20.5 24.8 7.8 1.7 23.0 

2.037 34.8 29.0 30.2 7.1 25.8 

2.547 39.9 25.4 20.3 4.9 57.6 

2.889 55.7 49.7 19.1 1.4 41.1 

3.225 77.2 29.4 33.3 1.7 27.8 

3.554 62.9 62.9 48.0 0.7 40.9 

3.886 40.4 109.1 27.6 1.1 32.0 

4.557 58.3 51.3 65.8 1.1 63.1 

5.378 72.4 42.1 72.2 2.5 63.5 

 

 

 
Figure 5.6: Weld head reflection signals made with varying applied laser energies (A) 117.8 W, 

(B) 254.7 W, (C) 355.4 W, and (D) 455.7 W in as-built AM 304L samples with a ground surface. 
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(a) 

 
(b) 

Figure 5.7: Weld head reflection of as received wrought 304L with a ground surface made with 

(a) nitrogen shielding gas and (b) without a shielding gas. 

 

5.1.1.1 Effect of Shielding Gas on Specular Reflection 

Shielding gas influences the specular reflection. Without shielding gas, the background 

noise of the specular reflections is larger than the background noise made within a nitrogen 

shielding gas as shown in Figure 5.7. The background noise was originally thought to be related 

to the noise of the equipment; however, the change in background noise with the presence of 

nitrogen shielding gas suggests that there were other factors associated. The fluctuations in the 

reflections to the weld head in Figure 5.7(a) reveal small, irregular peaks (about 3 W) that are 

larger than what is thought to be background noise from the experiment. The small peaks are 

thought to form due to the oscillation of the molten pool that some of the weld power was 

reflected to the weld head. These reflections cannot be seen in spot welds without a shielding gas 

because oxygen improves the absorptance of stainless steels [70]. All the scattered light data can 

be found in Appendix A2. 
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5.2 Dynamic Absorptance 

Simonds et al. [76] discussed the dynamic absorptance for spot welds made in 316L. 

Those concepts can be applied to the spot welds made within this experiment. The dynamic 

absorptance, calculated using Equation 3.4, for spot welds made in AM 304L, wrought 304L, 

and wrought 17-4 are shown in Figure 5.8, with highest laser energy data arranged on the top and 

decreasing energy data towards the bottom of the graphs. A peak in absorptance was observed to 

develop at the early stages of spot welding, within approximately 1 µs. The initial rise in 

absorptance can be attributed to a few factors. The free-electron Drude Model predicts an 

increase in absorptance with temperature, but the Drude Model does not fully explain the large 

initial rise [76]. Oxide formation and surface roughness has also been known to increase the 

absorptance of stainless steels [70, 173]. Since stainless steels form a chromium oxide for 

corrosion resistance, it is possible that the initial rise is affected by the passive oxide film, 

especially since it was observed in all the stainless steel samples.  

Absorptance is a function of temperature, which is why there is an increase in 

absorptance as time progresses (and temperature increases). During spot welding, a steady-state 

temperature is never achieved, especially within 10 ms. Without a travel speed, the longer the 

welding time, the more energy is absorbed in the material, therefore, the spot weld will continue 

to grow in size. The data collected by the integrating sphere demonstrates this with wrought 

304L produced at 2.037J in Figure 5.2(b). The power absorbed (pink line) in Figure 5.2(b) is 

constantly increasing without reaching a steady state power. Spot welds made under conduction 

mode or within the transition region (Eo between 1.178 – 3.225 J) have an absorptance that 

continuously increases with time during welding. The initial slope of the absorptance is initially 

relatively small but increases with the applied laser power (or laser energy, Eo). An increase in 

energy, increases the temperature of the sample and therefore the rate of absorptance increases. 

Spot welds made under keyhole mode conditions exhibit more drastic increases in absorptance 

due to the multiple reflections within the keyhole (Eo between 3.225 J – 5.378 J). The steep 

second rise in absorptance is an indication of keyhole mode operation. For these samples, the 

absorptance appears to level off around 6.5 ms.  
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5.2.1 Observing the Transition from Conduction Mode to Keyhole Mode 

Under conduction mode welding, the dynamic absorptance data was slightly different for 

the various sample conditions as shown in Figure 5.8. At an applied laser energy of 1.178 J, the 

initial peak in absorptance was between 40 and 50% and the dynamic absorptance after the peak 

was somewhere between 10 to 20% for all the samples, except for the untreated, as-built AM 

304L sample. In this sample, the peak absorptance was closer to 70% and after the peak, the 

absorptance dropped to 20 to 30%. The untreated sample had absorbed more energy due to less 

laser light reflecting off the rougher surface. A similar trend was observed for an applied laser 

energy of 2.037 J, the dynamic absorptance for the samples was as described earlier, except for 

the as-built AM samples. For the spot weld produced in as-built AM 304L sample with the 

ground surface, the fluctuation in the data was larger than the fluctuation in data of the welds 

made in the other samples. Wieting and DeRosa [78] determined that surface defects accounted 

for most of the variations in reflectivity. Perhaps the ground surface of the coupon has more 

surface defects which led to larger fluctuations in the absorptance data. These defects could have 

occurred if the surface of the coupon was not ground past the contour passes or if the smaller grit 

SiC paper was worn out and did not remove the deformed materials from a previous (larger) grit. 

Within the transition regions for applied laser energies of 2.547 and 2.889 J on the 

wrought materials, distinct serrations in the high frequency oscillations were observed in 

wrought 304L and wrought 17-4, as shown in Figure 5.8 (d) and (e). The serrations were not as 

distinct within the AM samples. The variability in the dynamic absorptance was attributed to the 

collection rate of the instrumentation and the oscillation behavior of the molten pool. Since the 

regular serrations were seen in the wrought material and not the AM material, it appeared that 

the serrations were a response more to material condition instead of the collection of the data. 

Periodic serrations in the data could be an indication of the molten pool movement as observed 

in the surface fluctuations. Given that the molten pool oscillates during welding, it is possible 

that certain geometries of the pool will reflect more light or absorb more light. Molten pool 

oscillations are affected by surface tension. Since wrought stainless steel has smaller amounts of 

oxygen than the AM samples, the molten pool might oscillate more regularly creating the 

periodic serrations. Using the same logic, the spot welds made in the AM produced more random 

fluctuations in the absorptance data. It is suggested that the higher concentration of oxygen in the  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5.8: Dynamic absorptance data of (a) AM 304L, as-built, ground, (b) AM 304L, as-built, untreated, (c) AM 304L, heat treated, 

ground, (d) wrought 304L, as-received, ground, and (e) wrought 17-4, as-received, ground. The applied laser energy increases from 

bottom to top. 
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AM material resulted in more energetic oscillations in the molten pool. Another plausible 

explanation of the serrations could be the observation of a cavity forming. These welds were 

produced within the transition region meaning that a stable keyhole is trying to be established. It 

is possible that peaks in the serration were due to a cavity forming and troughs were due to the 

collapse of the cavity. However, the frequency observed within this work (around 101 kHz) 

seems too high to be related to keyhole instability (around 4-10 kHz as attributed in the literature 

[95, 97]). 

 

5.2.2 Fast Fourier Transform of Dynamic Absorptance 

Fast Fourier transforms were performed on the serrated sections of the dynamic 

absorptance and are plotted in Figure 5.9. The amplitude was normalized for an easier 

comparison between the various materials. In general, the lower laser energies exhibit multiple 

high amplitude frequencies up to 55 kHz and as the laser energy increases, the high amplitude 

frequencies decrease. This suggests perhaps that there is more noise when operating under 

conduction mode and the noise is reduced when operating in keyhole mode. The wrought 

samples exhibit higher amplitude frequencies.  

Plotting all the high amplitude frequencies with the dynamic absorptance was not as 

helpful. Instead the frequencies of interest were plotted with the dynamic absorptance. The fast 

Fourier transform for spot welds made in wrought 304L with a laser energy of 2.547 J is shown 

in Figure 5.10(a) with arrows pointing to the frequencies of interest. There are low frequencies of 

2.51 and 8.1 kHz that align well with the dynamic absorptance. To try and connect the optical 

data to what is happening physically, Klein et al. [97] determined that oscillation frequencies of 

laser welds vary between 4-10 kHz. It is possible that the absorptance oscillations are in 

correspondence with the molten pool oscillations and we are observing the frequency of the 

molten pool oscillations. The serrations that were observed in the wrought samples have a 

frequency of about 47.4 kHz. This is too high to be the natural frequency of the molten pool and 

perhaps too high to be the frequency of a keyhole. 

The dynamic absorptance is similar for all the material. There are slight differences 

between the material conditions under conduction mode and in the transition region. As the laser 

energy increases into keyhole mode, any subtle differences between the samples are reduced.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 5.9: Fast Fourier transform of dynamic absorptance data of (a) AM 304L, as-built, ground, (b) AM 304L, as-built, untreated, (c) 

AM 304L, heat treated, ground, (d) wrought 304L, as-received, ground, and (e) wrought 17-4, as-received, ground. The applied laser 

energy increases from bottom to top. 
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Figure 5.10: The absorptance data plotted with frequencies determined from the fast Fourier 

transform. (a) FFT plot with arrows showing the frequencies of interest, (b) 2.31 kHz, (c) 

8.1 kHz, and (d) 47.4 kHz. 

(a) 

(b) 

(c) 

(d) 
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This means that at higher energies, factors that influence the absorptance such as surface 

roughness or oxide films have little effect. 

 

5.2.3 Time-to-Keyhole 

The time to form the keyhole reduced as the laser energy increased as shown in 

Figure 5.11. As temperature increases with increasing laser energy, material is expected to 

vaporize at shorter times to produce a keyhole. For the spot welds produced with nitrogen 

shielding gas, as shown in Figure 5.11(a), the time-to-keyhole is similar for most samples, except 

for the untreated AM 304L sample. The higher surface roughness produced multiple reflections 

at lower energies thereby reducing the time to form a keyhole. At lower energies, the differences 

in the time-to-keyhole is larger; however, the times converged as energy increased. This 

observation again confirms that increasing the laser energy reduced the importance of surface 

roughness.  

  

 
(a) 

 
(b) 

Figure 5.11: Time-to-keyhole for (a) spot welds made with a nitrogen shielding gas and (b) spot 

welds made in wrought and AM 304L with and without a shielding gas. 

 

Spot welds produced without a shielding gas had similar time-to-keyhole behavior as 

those produced in nitrogen shielding gas. However, spot welds produced without a shielding gas 

did not achieve keyhole formation at lower energies. At lower energies, the time-to-keyhole is 
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slightly faster for spot welds produced without a shielding gas. The time-to-keyhole data is 

shown in Table 5.2 and Table 5.3. 

 

Table 5.2: Time-to-Keyhole for spot welds made with nitrogen shielding gas. 

Eo 

(J) 

Wrought 17-4 

(ms) 

Wrought 304L 

(ms) 

AM 304L, AB, 

GR (ms) 

AM 304L, AB, 

UT (ms) 

AM 304L, HT, 

GR (ms) 

2.889 3.688 4.270 3.244 1.336 3.992 

3.225 1.863 2.252 1.565 0.840 2.129 

3.554 1.255 1.412 1.107 0.534 1.293 

3.886 0.875 0.763 0.725 0.496 0.722 

4.557 0.418 0.420 0.420 0.344 0.380 

5.378 0.304 0.305 0.267 0.191 0.323 

 

Table 5.3: Time-to-Keyhole for spot welds made without shielding gas. 

Wrought Eo 

(J) 

Wrought 304L 

(ms) 

AM Eo 

(J) 

AM 304L 

(ms) 

3.560 1.034 3.712 0.520 

3.887 0.484 3.887 0.430 

4.226 0.396 4.226 0.344 

4.573 0.305 4.531 0.322 

6.202 0.226 5.896 0.203 

7.837 0.133 7.413 0.158 

 

5.3 Coupling Efficiency 

The coupling efficiency is calculated using Equation 3.6. The coupling efficiency for spot 

welds created in wrought 304L with nitrogen shielding gas is shown in Figure 5.12. The curve 

shows that as the laser energy increased, the coupling efficiency increased. This curve is helpful 

because it demonstrates where the transition from conduction mode to keyhole mode occurs, 

Figure 5.12(b). The graph shows that conduction mode welding operated with lower coupling 

efficiencies while keyhole mode welding operated with higher coupling efficiencies. This finding 

is expected since keyhole mode absorbs more light in the keyhole due to Fresnel reflections. 

Figure 5.13(a) shows the comparison of wrought and as-built AM 304L in the ground 

condition. There is little difference in the coupling efficiency between wrought and AM 304L. At 

3.225 J, the coupling efficiency for spot welds produced in AM 304L was slightly higher than 

spot welds made in wrought 304L. This difference is potentially significant because the error 

bars do not overlap. Since the plots were so similar, the as-built condition (which is expected to 
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have a higher residual stress) did not affect the coupling efficiency. When comparing the 

coupling efficiency of spot welds made in wrought 17-4, as shown in Figure 5.13(b), there is 

little difference in wrought 17-4, wrought 304L, and as-built 304L in the ground condition. 

There was concern that different phases (austenite and martensite) affect the absorptance. 

However, the current findings show that for stainless steels, the different phases did not affect 

the coupling efficiency. This result also proved that composition has little to no effect on the 

coupling efficiency of stainless steels. 

 

 
(a) 

 
(b) 

Figure 5.12: Coupling efficiency of spot welds produced in as-received wrought 304L with 

nitrogen shielding gas. 

 

The coupling efficiencies of the different conditions in the AM 304L stainless steel were 

summarized in Figure 5.14. There is a difference in coupling efficiency when operating under 

conduction mode for all three conditions. However, the coupling efficiencies converged at the 

highest energy of 5.378 J further demonstrating that all the data behaved similarly at high 

energies. The untreated surface condition produced a shift in coupling efficiency, showing that 

the transition region occurred at lower energies than the other conditions. The early onset of 

keyhole mode was due to a rougher surface allowing for multiple reflections to occur at lower 

energies, thereby causing the shift in coupling efficiency. The heat treated AM 304L condition is 

similar to the as-built AM 304L condition. As discussed previously, when comparing wrought 
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304L and AM 304L, any residual stress differences between the as-built condition and heat-

treated samples did not affect the coupling efficiency. 

 

 
(a) 

 
(b) 

Figure 5.13: Coupling efficiency of spot welds produced with nitrogen in (a) wrought and as-

built AM 304L and (b) wrought 304L, as-built AM 304L, and wrought 17-4, all with ground 

surfaces. 

 

 
Figure 5.14: Coupling efficiency of spot welds produced in the various conditions of AM 304L 

with nitrogen. 
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The effect of shielding gas on the coupling efficiency is shown in Figure 5.15. For 

wrought 304L, the shielding gas did not affect the transition region as shown in Figure 5.15(a). 

The transition region might be shifted in AM 304L however, more data points would be needed 

to clearly discern if the shift was real as shown in Figure 5.15(b). For both wrought and AM 

304L, a distinct difference in coupling efficiency was observed when welding under conduction 

mode. The coupling efficiency was higher when welding in air than welding in a nitrogen 

shielding gas. Oxide films are known to reduce the reflectivity, thereby improving the absorption 

of CO2 laser light [70]. A similar behavior would be expected when welding with fiber lasers. In 

conduction mode welding, the weld pool is formed through conduction heating and that most of 

the laser light is reflected. Without a shielding gas, an oxide film is expected to form on the 

surface of the pool, thus reducing the reflectivity of the surface. In keyhole mode, the higher 

coupling efficiencies are attributed to the multiple reflections within the keyhole cavity. The 

oxides that form at the surfaces of the molten pools will have less of an effect on the coupling 

efficiency than the keyhole cavity. Higher laser powers were applied for spot welds made in air. 

The coupling efficiency plateaus around 85%. If higher laser powers were applied for spot welds 

made with nitrogen shielding gas, the coupling efficiency would also level off around 85 to 90%. 

 

 
(a) 

 
(b) 

Figure 5.15: Coupling efficiency of spot welds produced with nitrogen in (a) wrought and as-

built AM 304L and (b) wrought 304L, as-built AM 304L, and wrought 17-4, all with ground 

surfaces. 
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5.4 Spot Weld Analysis 

Metallography was performed on the spot welds to reveal the bead morphology and 

microstructure. Spot welds were analyzed as close to the center as possible. The cross-sections 

were then compared to the coupling efficiency plot to confirm where the transition region started 

and ended as shown in Figure 5.16. At the lowest laser energy, 1.178 J, the spot weld was very 

small and shallow, typical of a conduction mode laser weld. At the start of the transition region, 

2.547 J, the spot weld indicates that a keyhole was beginning to develop. A slight depression was 

observed in the spot weld, as shown by the arrow, that denoted the depth of penetration started to 

increase, which indicated that multiple reflections were occurring. The spot weld validated the 

designation of energy as an indicator of the start of the transition region. At the end of the 

transition region, the keyhole was fully formed with a distinct dimple showing a shift for deep 

penetration. At an energy of 4.557 J, the keyhole has been established causing deep penetration 

which corresponds to the region designated as keyhole mode. Overall, the spot welds correspond 

well with the coupling efficiency plot and discussion. 

 

 
Figure 5.16: Coupling efficiency for wrought 304L stainless steel with the corresponding cross-

sections of spot welds made in wrought 304L stainless steel with nitrogen shielding gas. 

 

5.4.1 Surface Profilometry 

The surfaces of laser spot welds were analyzed using an optical profilometer as an 

indication of the effects of surface tension. The surface profiles are shown in Figure 5.17. Kou et 



126 
 

al. [55] determined that low sulfur spot welds produced clear ripples and a concave surface, 

while high sulfur spot welds produced no clear ripples and a convex surface. The surface profiles 

in this work were concave and displayed clear ripples for spots made with an energy input of 

1.178 J as shown in Figure 5.17(a). The surfaces suggest that spot welds made in wrought and 

AM had a negative surface tension gradient (dγ/dT). Since the spot weld made in AM 304L had 

deeper concavity than the spot weld made in wrought 304L, it is possible that the surface tension 

gradient is larger in the AM 304L weld. This behavior is unexpected. Even though the sulfur 

contents for the wrought and AM 304L were similar, the AM 304L builds had about 300 ppm 

more oxygen than wrought 304L. Knowing that oxygen is a surface active element, spot welds 

made in AM 304L would be expected to behave similar to high sulfur spot welds. It is possible 

that oxygen was released in the vapor plume to result in similar oxygen concentrations in the 

molten pool, thus resulting in similar surface profiles. It is more likely that the experimental 

conditions (i.e. laser focus, weld duration, laser type) did not bring about differences within the 

spot welds. The experiment conducted by Kou et al. [55] produced 10 s spot welds with a 

defocused laser, while this experiment was conducted by producing 10 ms spot welds with a 

focused laser.  

The spot welds produced at 2.547 J, as shown in Figure 5.17(b) showed a similar trend as 

discussed for spot welds produced at 1.178 J. Spot welds produced at this energy could not be 

directly correlated to literature data because the spot welding was operating within the transition 

region, where the keyhole would be forming and collapsing. The introduction of the keyhole 

complicates the forces that are interacting within the pool which would reduce the effect of 

surface tension on the molten pool. The concavity of the spot weld made in AM 304L was 

deeper than the spot weld made in wrought 304L, indicating a larger surface tension gradient, but 

it could also be influenced by the keyhole. A deeper keyhole might cause a deeper concavity on 

the surface. Upon solidification, a keyhole would be filled in by the molten material. If 

solidification is fast enough, it may not be completely filling the keyhole, which is possible since 

spot welds exhibit high solidification rates. 

The surface of a spot weld made in keyhole mode, as shown in Figure 5.17(c). There is a 

deep concavity at the center of the spot welds. This is probably an artifact of the optical 

profilometer because the images have an indistinct area near the center of the welds as shown in 

Figure 5.18 (c) and (C). The surfaces of these spot welds were raised higher than the spot welds  
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(a) 

 
(b) 

 
(c) 

Figure 5.17: Surface profiles of spot welds made in as-received wrought 304L and as-built AM 

304L ground surfaces with nitrogen shielding at a laser energy of (a) 1.178 J, (b) 2.547 J, and (c) 

4.557 J. 
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made at lower energies. The ripples within the spot welds changed with increasing laser energy. 

At low energies, the ripples were clear from the center of the weld to the edge of the weld. 

However, by increasing energy, the ripples were clear closer to the edge of the weld. The center 

of the weld contained smaller or less distinct ripples. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.18: Profilometry images of spot welds made in (a) as-built AM 304L and (b) wrought 

304L with a laser energy of 4.557 J. 
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5.4.2 Spot Weld Geometry 

Cross-sections of spot weld macrographs are shown in Figure 5.19. The spot welds made 

in wrought 304L seemed to have more distinct depressions than the spot welds made in AM 

304L. The etching behavior of spot welds made in wrought 304L was also different, which will 

be discussed in Section 5.4.3. The spot welds made in the AM 304L with a ground surface have 

less defined depressions compared to wrought 304L. There were almost no distinct depressions 

within the spot welds made in AM 304L with an untreated surface. The untreated surface 

allowed for multiple reflections to occur before a cavity formed from vaporization of elements. 

Therefore, the distinction between the conduction mode region and keyhole region were not as 

discrete as in the other spot welds.  

The keyhole regions made within the AM material appeared to be wider than the keyhole 

region within the wrought samples. Though the melting temperatures are the same for wrought 

and AM 304L, as determined by the DSC results in Section 4.4, it is possible that the thermal 

conductivity different for wrought and AM 304L. If AM 304L has higher thermal conductivity 

than wrought 304L, then the heat is transferred quicker resulting in more material to be melted. 

This explanation will also imply that the weld width should also be wider, not just the keyhole. 

Figure 5.20(a) shows the weld widths of spot welds made in 304L stainless steels and that spot 

welds made in wrought 304L had only slightly wider weld widths. This result suggests that 

thermal conductivity was not the reason why the keyhole width was larger in the spot welds 

made in AM 304L. Another reason could be due to protrusions within the keyhole as shown 

earlier in Figure 2.20. Protrusions can cause the laser energy to be reflected out of the spot weld 

instead of being absorbed. Since high frequency oscillations (on the order of 47.4 kHz) were 

observed in spot welds made in wrought 304L, those oscillations could have come from 

protrusions within the keyhole. If enough laser energy was being reflected by protrusions, then 

perhaps the depth and width of the keyhole would be smaller. 

The width of the spot welds increased with increasing input energies as shown in 

Figure 5.20(a). The difference in weld width became more apparent at higher laser energies. This 

widening can be attributed to the laser-matter interaction volume. At lower energies, only a small 

amount of material would be melted and therefore more difficult for factors such as composition, 

to affect the molten pool behavior. However, at higher energies more material is melted and 

therefore the influence of those factors could become more evident. The spot welds made in 
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wrought 304L have slightly larger weld widths. The width of the spot welds made in the heat 

treated AM 304L were similar to those made in wrought 304L, especially at higher powers. The 

spot welds made in as-built AM 304L with a ground surface had smaller weld widths than spot 

welds made in wrought and heat treated AM 304L.  

The depth of penetration is shown in Figure 5.20(b). There is an increase in the depth of 

penetration with increasing input energies. During conduction welding, the spot welds had 

similar depths of penetration except for the spot welds made in the untreated AM 304L. In these 

latter welds the penetrations were deeper because the absorptance and coupling efficiency with 

this material was higher and therefore more material would be melted. There was little increase 

in the depth of penetration from 1.178 to 2.547 J because under conduction mode, the coupling 

efficiency ranged narrowly, between about 15 and 30%, respectively. Keyhole welding produced 

more differences in the depth of penetration for all the spot welds. The differences in keyhole 

were most likely aided by the larger interaction volume. Therefore, compositional differences 

might affect the vapor plume and therefore the penetration depth. The wrought and as-built AM 

304L with the ground surface produced similar penetration depths.  

The spot welds produced in heat treated, ground and as-built, untreated AM 304L 

produced higher depths. Since there should not be any compositional difference between the AM 

304L samples, some other factors must be affecting the penetration depth. A coupling efficiency 

of 81% was produced for the spot weld in the untreated AM 304L at an energy of 4.557 J while 

the other samples have a coupling efficiency of about 76% for the other samples. The difference 

in coupling efficiency could not explain the spot weld produced in the heat treated sample 

exceeding the depth of the spot weld produced in the untreated sample. It is unclear the cause of 

the penetration differences, including the coupling efficiency differences. 

Figure 5.21 shows the depth-to-width aspect ratio for the spot welds. The spot welds 

never achieved an aspect ratio of 1:1 (related to the transition region). This behavior can be 

attributed to the very short spot weld duration. A dip in the aspect ratio was observed from 1.178 

to 2.547 J because under conduction mode the welds were growing wider faster rather than 

deeper. Under keyhole mode, the increase in penetration depth was faster than the weld width 

increase. 
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Figure 5.19: Macrographs of spot welds produced in the various 304L samples produced at 117.8W, 254.7W, 355.4 W, and 455.7 W. 
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(a) 

 
(b) 

Figure 5.20: (a) width and (b) depth measurements of spot welds made in the 304L stainless steel 

samples . 

 

 
Figure 5.21: Aspect ratio for spot welds made in nitrogen shielding gas. 
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5.4.3 Spot Weld Microstructure 

Representative microstructures of the spot welds are shown in Figure 5.22. Spot welds 

produced in AM 304L contained both primary austenite and primary ferrite solidification. Near 

the edges of the weld were austenite grains that resulted from a massive transformation. 

Figure 5.23 shows the irregular grain boundaries typical of a massive transformation within the 

white regions of a spot weld produced in as-built, untreated AM 304L at a power of 355.4 W. 

This observation indicated that solidification occurred as primary delta ferrite and then massively 

transformed to austenite. This type of transformation also explains why solidification 

substructure was not visible within these grains. There are black spots that appear within the 

austenite grains. In massive transformations, there is no overall change in the composition [174]. 

These black spots could be evidence of chemical segregation from primary ferrite solidification 

and are regions sensitive to etching. Wilson [169] observed similar microstructures in massive 

austenite of L-PBF builds as shown in Figure 5.25. At higher powers, hot cracks developed, 

within the massive austenite regions, as shown in Figure 5.26. This is unexpected behavior since 

primary ferrite solidification is more resistant to hot cracking compared to primary austenite 

solidification.  

The solidification then transitions to cellular, primary austenite solidification towards the 

center of the weld, which can be seen in the darker regions of Figure 5.22 and within 

Figure 5.23(a). The volume fraction of cellular austenite within the spot welds produced in 

AM 304L are shown in Figure 5.24. In general, there is a decrease in primary austenite cellular 

solidification as the laser input energy increases. Increasing input energy (and subsequently 

increasing the temperature of the molten pool) would prolong solidification and decrease the 

solidification rate that the solidification structure remained as Type F/MA. As such, the amount 

of liquid that solidified as primary austenite would be reduced. This change in microstructure is 

important as the strength and ductility of these spot welds are strongly affected by the 

solidification mode and morphology.  

Spot welds produced in wrought 304L exhibit massive austenite throughout the entire 

spot weld as shown in Figure 5.22 and Figure 5.23(b). The austenite appears to be a light color, 

featureless mass, which suggests Type F/MA solidification. These welds exhibit hot cracks in 

almost all the spot welds, which is unexpected as primary ferrite solidification hinders hot 
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Figure 5.22: Microstructure of spot welds produced in the various 304L samples produced at 117.8W, 254.7W, 355.4 W, and 455.7 

W. 
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(a) 

 

 
(b) 

Figure 5.23: Micrograph of a spot weld produced in (a) as-built, untreated AM 304L at a power 

of 355.4 W and (b) wrought 304L at a power of 355.4 W. 
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Figure 5.24: Volume percent of cellular solidification in spot welds produced in AM 304L 

stainless steel. 

 

 
Figure 5.25: SEM micrograph of L-PBF deposit etched in nitric acid, revealing massive austenite 

and cellular austenite [169]. 
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cracking. However, the composition of wrought 304L contained 0.37 wt.% phosphorous which 

was high enough to promotes hot cracking, even when solidifying as primary ferrite. 

The transition in solidification mode from primary austenite to primary ferrite can occur 

due to compositional segregation or due to a change in solidification rate. The Creq/Nieq 

equivalents for wrought 304L and AM 304L stainless steels were plotted in the microstructural 

prediction map for stainless steels in Figure 5.27. Since the solidification rate of spot welds were 

difficult to determine, a vertical line was plotted to estimate the solidification rate of the laser 

spot welds. To produce Type F/MA solidification, the solidification rate can range between 20 

and 200 mm/s for both wrought and AM 304L stainless steel. For AM 304L, it is possible that 

during primary ferrite solidification, austenite stabilizing elements were rejected into the liquid 

shifting the liquid to solidify as primary austenite. However, since solidification was rapid, 

segregation might not be the entire reason for a shift in solidification mode. The solidification 

rate would increase as the solid/liquid interface approaches the center of the weld pool, high 

enough to shift into Type A or Type AF solidification. The wrought 304L composition, however, 

would remain in Type F/MA despite a change in solidification rate according to Figure 5.27. 

Therefore, composition would be the main reason why the microstructures of spot welds were 

different when produced in wrought 304L and AM 304L stainless steel. 

 

 
Figure 5.26: Solidification cracks formed within massive austenite regions in welds produced in 

as-built, untreated AM 304L at a power of 455.7 W. 
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Figure 5.27:Wrought and AM 304L Creq/Nieq plotted in a microstructure prediction map for 

stainless steels. 

 

The transition in solidification mode from primary austenite to primary ferrite can occur 

due to compositional segregation or due to a change in solidification rate. The Creq/Nieq 

equivalents for wrought 304L and AM 304L stainless steels were plotted in the microstructural 

prediction map for stainless steels in Figure 5.27. Since the solidification rate of spot welds are 

difficult to determine, a vertical line was plotted to estimate the solidification rate of the laser 

spot welds. To produce Type F/MA solidification, the solidification rate can range between 20 

and 200 mm/s for both wrought and AM 304L stainless steel. For AM 304L, it is possible that 

during primary ferrite solidification, austenite stabilizing elements are rejected into the liquid 

shifting the liquid to solidify as primary austenite. However, since solidification is rapid, 

segregation may not be the entire reason for a shift in solidification mode. The solidification rate 
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will increase as the solid/liquid interface approaches the center of the weld pool. The increase in 

solidification rate could be high enough to shift into Type A or Type AF solidification. The 

wrought 304L composition, however, will remain in Type F/MA despite a change in 

solidification rate according to Figure 5.27. Therefore, composition is the main reason why the 

microstructures of spot welds are different when produced in wrought 304L and AM 304L 

stainless steel. 

 

5.5 Summary 

The integrating sphere offers the ability to determine the laser coupling efficiency, 

dynamic absorptance, and the time-to-keyhole for 1070 nm Ytterbium-fiber laser welds. The 

variables that affect the laser coupling efficiency are power and surface condition. Increasing 

power and increasing the surface roughness increase the laser coupling efficiency. Other 

variables such as shielding gas, composition, microstructure and residual stress have little to no 

effect on the coupling efficiency. The laser powder bed fusion additive manufacturing process 

produces a rough surface which improves the laser coupling efficiency. All other differences that 

are produced as a result of the AM process such as microstructure, composition, and residual 

stress, will not affect the laser coupling efficiency for stainless steels produced by AM.  

Plotting the coupling efficiency over a range of powers reveals the transition from 

conduction mode to keyhole mode. Lower coupling efficiencies are a result of conduction mode 

laser welding while high coupling efficiencies are a result of keyhole mode laser welding. The 

transition has been verified by analyzing the spot weld morphologies.  

The dynamic absorptance reveals the energies that produce instability in the keyhole. 

This phenomenon was clearly observed by comparing the power absorbed (Pabs) and the power 

reflected to the sphere (Psphere). When Pabs was greater than Psphere, the keyhole was open and 

when Psphere was greater than Pabs, the keyhole was closed. Higher frequency fluctuations were 

observed within the dynamic absorptance data which could indicate the frequency of oscillation 

of the weld pool. By increasing the power, the oscillation frequency increases. The time it takes 

to form a keyhole can also be calculated by the dynamic absorptance. This method has been 

verified by Simonds et al. [175].  

The spot weld morphologies are relatively similar for wrought and AM 304L stainless 

steel. Whatever differences there are between wrought 304L and AM 304L, the time duration of 
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spot welds was not enough to force differences in the morphology. However, there are small 

differences in the spot weld profile. The spot welds produced in AM 304L are narrower than the 

spot welds produced in wrought 304L. In addition, a deeper depression in the center of the spot 

welds form in the AM 304L spot welds, suggesting larger solidification shrinkage or more mass 

(molten metal droplets) ejection, occurred in welds made in AM 304L.  

The solidification behavior of spot welds made in AM 304L differ from spot welds made 

in wrought 304L. The composition and solidification rates of spot welds produced in wrought 

304L produced Type F/MA solidification within the entire spot weld. However, primary ferrite 

solidification was not enough to prevent hot cracking, because of the high phosphorous content. 

The composition of AM 304L results in dual solidification mode of primary ferrite and primary 

austenite solidification within in spot welds. Solidification occurs as Type F/MA for slower 

solidification rates. However, solidification rate increases as the solid/liquid interface approaches 

the center, enough to shift the solidification mode to primary austenite solidification; producing 

cellular austenite within the center of the spot welds. The different solidification microstructures 

imply that the weld mechanical properties will differ for spot welds produced in wrought and 

AM 304L stainless steel. 
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CHAPTER 6 LASER WELDING BEHAVIOR 

This chapter discusses the molten pool behavior, theoretical vapor plume pressure, and 

bead-on-plate laser welding and solidification behavior. 

 

6.1 High Speed Video Analysis 

High speed video was collected for 10 ms spot welds at various energies. The high speed 

video experiments allowed for the tracking of weld pool growth over time, the weld pool 

oscillation behavior, and the solidification of the molten pool. One of the differences between 

wrought and AM 304L stainless steel was the amount of oxygen within the base material. Since 

oxygen is a surface active element, there was a concern with oxygen changing the vapor plume 

behavior and surface tension of the weld pool, thus affecting molten pool flow.  

 

6.1.1 Weld Pool Growth 

The weld pool growth was measured for spot welds made in conduction mode (at a laser 

input energy of 1.178 J), in the transition region (at a laser energy of 2.547 J), and in keyhole 

mode (at a laser energy of 4.557 J) as shown in Figure 6.1. The two red dashed lines at 1.0 and 

11 ms indicate the region within which the laser power was on. Turning the laser on at 1 ms lead 

to a fast, initial increase in the weld pool diameter. For a laser energy of 1.178 J, the weld pool 

growth slowed down after approximately 4 ms. Energy input was low and insufficient to melt 

more material. Both wrought and AM 304L stainless steel exhibited similar trends for the weld 

pool growth. The lower energy was not enough to promote any laser welding differences for 

wrought and AM 304L stainless steel as discussed in Section 5.4.2. For spot welds produced at 

2.547J (within the transition region), the weld pool growth increases over time while the laser is 

on. Only after the laser was turned off that the weld pool diameter stabilized around 450 µm. 

The spot weld made under keyhole mode, 4.557 J, showed continuous growth of the weld 

pool diameter with laser energy and with no signs of leveling off. The observed behavior clearly 

showed that enough energy was applied to the materials that the weld pool could continue to 

grow. Additionally, the spot weld pool width between wrought and AM 304L stainless steel were 

different. This deviation only occurred at higher laser energies. The spot weld made in wrought 

304L had a wider weld pool than the spot weld made in AM 304L. This difference is likely the 

resulting effect of surface tension as spot welds with low sulfur content would promote radially 
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outward flow in the weld pool and produce wider welds than spot welds with high sulfur [55]. 

The observed behavior could also have been magnified by oxygen as the wrought material had a 

lower oxygen concentration compared to the AM material. A higher laser energy was needed to 

provide the weld pool with adequate flow for the surface tension effect to manifest. 

 

 
Figure 6.1: Weld pool growth as a function of time for spot welds made in conduction mode, the 

transition region, and in keyhole mode. 

 

6.1.2 Weld Pool Oscillation Modes 

Pool oscillation modes are an indication of the welding behavior. Xiao et al. [95] found 

that the oscillation mode of a full penetration weld pool is significantly different from the 

oscillation mode of a partially penetrated weld pool, which suggests that the weld pool geometry 

plays a significant role on weld pool oscillations. If different oscillation modes develop within 

welds made in wrought or AM 304L stainless steel, those different modes could be a result of 

differences in molten pool size and may even include the effect of composition on surface 

tension.  

Since laser welding differences observed between wrought and AM 304L occur at higher 

powers (in keyhole mode), the discussion in the following will focus solely on spot welds made 

with a laser input energy of 4.557 J. The time to establish a keyhole at a laser input energy of 

4.557 J was about 0.42 ms as discussed in Section 5.2.1. This means that after 0.42 ms, the 
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keyhole cavity will remain during the duration of the spot weld. Upon analyzing the high speed 

videos of the weld pool oscillation, six weld pool shapes were observed to commonly occur 

within the spot welds. These were characterized as the six oscillation modes found within 

wrought and AM 304L stainless steel; a schematic of these modes are shown in Figure 6.2. The 

oscillation modes are classified into two groups, based off the movement of the molten pool. 

Group 1 oscillation modes pulsed up and down, having a strong effect on the pool height and 

oscillation amplitude. The pulsing motion occurred near the weld edge because the keyhole 

cavity makes up the center of the spot weld. Sometimes, the molten pool would rotate along with 

the pulsing motion. The oscillation modes within group 2 did not pulse up and down like those 

classified as group 1. Instead, the molten pool rotated or moved in a side-to-side motion, like a 

wave sloshing within a container. Still images taken from the high speed video sequences will be 

used to demonstrate the motions as described above (See Figure 6.3).  

 

 
Figure 6.2: Schematic of the oscillation modes exhibited by spot welds made in wrought and AM 

304L stainless steel. Group 1 oscillations exhibit a pulsing motion along with some rotation. 

Group 2 exhibits a side-to-side motion with rotation. 

 

The movement of oscillation mode A pulsed up and down as shown in Figure 6.3. 

Starting at 1.8056 ms, in Figure 6.3(a), the molten pool exhibited a donut shape with a small 

amplitude as denoted by the blue arrow pointing down. The amplitude of the donut walls 

increased at 1.8544 ms, in Figure 6.3(b) as denoted by the red arrow pointing up. The amplitude 
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of the walls alternated from low to high from image to image; the arrows were added to facilitate 

the description and for easier perception of the up-down, pulsing behavior. Mode A occurred 

early on in the spot welding process, within the first 3 ms and then transitioned to a different 

mode. It can be inferred that this mode was related to a small weld pool. It is important to 

remember that keyhole had already been established by 1 ms, so this oscillation was not related 

to conduction mode welding. Finally, this mode was exhibited by spot welds made in both 

wrought and additive manufacturing material.  

 

 
Figure 6.3: Spot weld made in AM 304L exhibiting oscillation mode A, demonstrating a pulsing 

motion. 
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Mode B is shown in Figure 6.4. The molten pool shape contained three peaks at the edges 

which was more pronounced at 2.4400, 2.5864, and 2.6840 ms, and shown in Figure 6.4(a), (d), 

and (f). The amplitude of the molten pool edge oscillated up and down just as Mode A oscillated. 

The red arrows show when the oscillation amplitude was high, and the blue arrows show when 

the oscillation amplitude was low. Two images, Figure 6.4(d) and (h), did not include an arrow 

because the amplitude did not change from the previous image. Figure 6.4(c) showed a weld 

pool with shape closer to mode A, but by the next image, Figure 6.4(d), the three peaks appeared. 

From Figure 6.4(d) to (f), the amplitude of the pulses did not change, rather the pool shape went 

from one “three peaks” to another “three peaks”, with slight rotation. Similarly, the amplitudes 

remained about the same in Figure 6.4(h) and (g), and the molten pool rotated. Mode B occurred 

on and off between 2 and 6 ms; but the shape is more distinct at the earlier times. This mode was 

only observed in spot welds made in AM 304L. Since only AM 304L material exhibited this 

mode, it is entirely plausible that this shape was affected by the surface tension of the liquid or 

the ejection of the vapor plume, which are both effects of composition. Compositional 

differences between wrought and additive manufactured material caused this significant 

difference in weld pool oscillation.  

An example of mode C is shown in Figure 6.5. The shape of the molten pool contained 

four points instead of three as shown by the yellow arrows. This shape was not as distinct as in 

mode B. This mode occurred at later times, when the spot weld had time to grow. The pool 

pulsed up and down as the other group 1 modes did, and with similar complexity as mode B. 

This mode was seen briefly in both wrought and AM 304L. High speed video also showed some 

mass ejection within this spot weld. The flight of the molten droplet is tracked by a red arrow in 

Figure 6.6 and the droplet moved at a rate of 2.3 m.s-1. There is splatter on the surface of the base 

material, shown by the blue arrow labeled A in Figure 6.6 and splatter on the cover lens, shown 

by the blue arrows labeled B. Mass ejection was seen in spot welds created in both wrought and 

AM 304L, screening out the compositional differences as cause of the droplet ejection. 

Geometrical factors such as keyhole dimensions might have contributed to this phenomenon. 

Perhaps a second form of shielding gas would limit the mass ejection.  
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Figure 6.4: Spot weld made in AM 304L exhibiting oscillation mode B, demonstrating a pulsing 

motion. 
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Figure 6.5: Spot weld made in AM 304L exhibiting oscillation mode C, demonstrating a pulsing 

motion with some rotation. 
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Figure 6.6: Spot weld created in wrought 304L stainless steel, demonstrating mass ejection. Red arrows track the location of the 

molten droplet in flight. The blue arrow labeled A points to splatter on the surface from a previous spot weld and the blue arrows 

labeled B point to splatter on the cover lens. 
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Group 2 oscillation modes occurred at later times and in larger molten pools during spot 

welding. Mode D formed a peak along the molten pool wall, reminding of a side-to-side motion 

as sloshing in a swimming pool. The motion of the formation of mode D is shown in Figure 6.7. 

From point (a) to point (g) the molten pool walls flowed back to form a peak along the back wall. 

Point (h) shows the beginning of the molten material flowing to the front. Another example of 

the molten pool movement is shown in Figure 6.8. The molten pool clearly moved around the 

cavity where the vapor plume was expelled when other mixed modes took place, Figure 6.8(d). 

Mode D was observed in spot welds made in both wrought and AM 304L stainless steel.  

 

 
Figure 6.7: Spot weld made in AM 304L exhibiting oscillation mode D, demonstrating molten 

flow towards the back, increasing the peak.  
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Figure 6.8: Spot weld made in wrought 304L exhibiting oscillation mode D, demonstrating 

molten flow from left to the right. 
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Mode D can easily transition to mode E as shown in Figure 6.9. Point (a) was clearly 

mode D and by point (b), mode E was formed. The molten pool moved from the back of the pool 

up to the front. Rotation of the molten pool also occurred. This mode was only observed in spot 

welds made in wrought 304L, suggested that the vapor plume or surface tension was different 

from AM 304L for this mode to form. The discussion here will be similar to that presented for 

Mode B, Figure 6.4. 

 

 
Figure 6.9: Spot weld made in wrought 304L exhibiting oscillation mode E. 

 

The final oscillation behavior, mode F, is shown in Figure 6.10. The shape of the molten 

pool had two peaks, equal in amplitude and opposite to each other. A depression was observed 

between the two peaks forming something like a valley. The movement of the molten pool 

rotated clockwise, with small changes in the amplitude. This oscillation mode is exhibited in spot 

welds made in both wrought and AM 304L stainless steel. This mode could be related to either 

compositional differences or size differences of the molten pool and supports the findings in 

deviations in weld pool size discussed in section 5.4.1.  
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Figure 6.10: Spot weld made in wrought 304L exhibiting oscillation mode F, demonstrating 

rotation. 
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6.1.3 Oscillation Amplitude 

The oscillation amplitude was measured from the high speed video. The amplitude of the 

molten pool for spot welds made with a laser energy of 4.557 J is shown in Figure 6.11. The 

amplitude of the molten pool is expected to relate to the temperature of the molten pool. At the 

beginning stages of spot welding, the oscillation amplitude was small, however, the amplitude 

grew rapidly. The small amplitude at the early stages was related to the pool temperature which 

would still be increasing with the laser beam on. As time increased, temperature increased, and 

the oscillation amplitudes grew. The oscillation amplitude grew at the same rate for spot welds 

made in both wrought and AM 304L stainless steel. At the later stages during spot welding, 

between 8 and 11 ms, the oscillation amplitude exhibited larger peaks and troughs for spot welds 

made in AM 304L than in wrought 304L.  

 

 
Figure 6.11: Oscillation amplitude of spot welds created in wrought and AM 304L stainless steel 

at a laser energy of 4.557 J. 
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(a) 

 
(b) 

Figure 6.12: Beginning of solidification for spot welds created in (a) AM 304L and (b) wrought 304L stainless steel.  
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Figure 6.12 shows the molten pool behavior upon solidification for spot welds made in 

(a) AM 304L and (b) wrought 304L stainless steel. Due to the higher amplitude peaks that AM 

exhibits, once the laser is turned off, the molten material collapses rapidly. The collapse of the 

material causes another peak to develop as shown in Figure 6.12(a) at point (f). The collapse of 

the second peak forms ripples within the surface of the weld pool and can cause a depression to 

form in the center of the weld pool which is undesired. This behavior is not as exaggerated in 

wrought 304L as shown in Figure 6.12(b). The collapse of the molten material produces a 

smaller peak leading to a less volatile collapse. This could be the reason why the depressions in 

wrought 304L are less pronounced. The laser spot welds were produced with a top-hat profile. 

Since the high amplitudes case a more volatile collapse, it would be better to ramp the laser 

down to reduce the amplitude upon solidification.  

 

6.1.4 Solidification of the Molten Pool 

The time it took to solidify the top surface of the weld pool was measured from the high 

speed video recordings. This measurement technique was sometimes difficult due to the lighting 

of the video. Figure 6.13(a) shows the solidification time of the top surface as a function of laser 

energy. The data shows that there was little difference between spot welds made in wrought and 

AM 304L in the time it took to solidify the top surface of the spot weld. It is possible that the 

time scale of the high speed video frames was too large to pick up subtle differences between the 

two material. However, since solidification is mainly a function of latent heat of fusion and the 

volume of the molten pool, minor changes in chemical composition and weld pool geometry will 

likely cause little changes in the solidification time. Upon cooling, the spot weld seems to shrink 

and form a crater as shown in Figure 6.14. The shrinkage is due to liquid-solid phase change plus 

subsequent phase transformations and so the time it takes to develop a crater might be a more 

accurate representation of solidification of the spot weld. The time a spot weld took to form the 

crater is shown in Figure 6.13(b) and the plot reveals that there is a difference between spot 

welds made in wrought and AM 304L stainless steel at lower energies than at higher energies. 

This finding was unexpected since most of the differences in the spot weld behavior were 

observed at higher energies.  
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(a) 

 
(b) 

Figure 6.13: Time to solidify determine by high speed video for the (a) top surface of the spot 

weld and (b) the time to form the crater. 

 

 
Figure 6.14: Spot weld made in AM 304L that formed a crater upon solidification as shown by 

the red arrow. 

 

6.2 Vapor Plume Prediction 

The partial pressures of individual elements potentially found within the vapor plume 

were calculated following the method developed by Block-Bolten and Eagar [106]. The spot 

welding behavior between wrought and AM 304L stainless steel have been similar with some 

subtle differences when welding in keyhole mode. There are many forces that interact within the 

molten pool during keyhole welding such as surface tension, recoil pressure, and the vapor 

plume pressure. The vapor pressure has a strong correlation with the keyhole penetration and the 

oscillation behavior. As the contribution of each chemical element in the vapor plume escapes 

the main focus of this work and that a more rigorous piece of work would be required to 

characterize and measure the chemical make-up of the vapor plume, an attempt was made in this 

research to estimate the contributions of the different elements to the vapor plume based on their 

respective equilibrium vapor pressures of elements expected to be in the plume. Calculating the 

partial pressures of the elements within the vapor plume can give insight into what elements 
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Figure 6.15: Elemental partial pressures of the vapor plume for welds made in wrought and AM 304L stainless steel. 
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affect the vapor plume and could cause welding differences between wrought and AM 304L. 

Figure 6.15 plots the partial pressures of the elements within the vapor plume and the values are 

found within Table 6.1. 

The most common elements found within the vapor plume are iron, nickel and 

chromium, which produce the largest partial pressures since these are the three most abundant 

elements within austenitic stainless steels. However, there is very little difference in the iron, 

nickel, and chromium partial pressures between wrought and AM 304L. The fourth largest 

contributing element within the vapor plume is carbon with approximately 10-5 atm pressure. The 

wrought 304L here used in this work contained 0.3 wt.% more carbon than the AM 304L 

material, it also produced a larger partial pressure by 1.27 x 10-5 atm. Nitrogen would produce 

the same partial pressure for the vapor plume in wrought and AM 304L as the nitrogen 

concentration was about the same for both wrought and AM 304L stainless steels. Manganese 

and silicon showed only slight differences in partial pressures. Phosphorous and oxygen 

produced the largest difference in partial pressures; however, their respective contribution 

remained very small, on the order of 10-9 and 10-11 (atm). Finally, there is sulfur which has the 

smallest contribution to the partial pressure of all the elements and therefore those differences are 

of little concern. The total pressure of the vapor plume is larger in wrought 304L than in AM 

304L. 

 

Table 6.1: Calculated vapor pressures. 

 Wrought 304L AM 304L 

Element Log Pa
- Pa

- (atm) Log Pa
- Pa

- (atm) 

C -4.78 1.65 x 10-5 -5.42 3.79 x 10-6 

Mn -6.43 3.74 x 10-7 -6.25 5.62 x 10-7 

P -8.87 1.37 x 10-9 -9.73 1.85 x 10-10 

S2 -13.37 4.23 x 10-14 -13.66 2.17 x 10-14 

Si -6.89 1.30 x 10-7 -6.74 1.80 x 10-7 

Cr -3.91 1.23 x 10-4 -3.91 1.23 x 10-4 

Ni -5.61 2.45 x 10-6 -5.13 7.36 x 10-6 

N -6.47 3.38 x 10-7 -6.42 3.81 x 10-7 

O -11.02 9.60 x 10-12 -10.15 7.04 x 10-11 

Fe -3.86 1.40 x 10-4 -4.04 9.14 x 10-5 

Total  2.82 x 10-4  2.27 x 10-4 
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Since the vapor plume (hence, recoil pressure) has a direct effect on the weld penetration 

depth, it is expected that compositional differences would produce different penetration depths. 

For spot welds created in as-built AM 304L and wrought 304L with the same surface finish, they 

produced similar penetration depths. This observation could mean one of two things. One is that 

the differences in the vapor plume were not enough to cause differences in the keyhole depth. 

The other reason is that 10 ms spot welding is not enough time for the vapor plume to establish 

and create a difference in the weld depth. 

 

6.3 Bead-on-Plate Laser Welds 

Bead-on-plate laser welds are of interest because the 10 ms spot welds might be too short 

of a weld duration to reveal any significant differences in the welding behavior of two heats of 

304L stainless steel. Therefore, bead-on-plate laser welds were produced with higher heat inputs 

for comparison.  

 

6.3.1 Solidification Rate  

The solidification rates of bead-on-plate laser welds are shown in Figure 6.16 and the 

values are found in Table 6.2. Laser power had a lesser effect on the solidification rate than 

travel speed. For welds made in AM 304L and a lower travel speed of 12.7 mm/s (30 IPM), the 

solidification rate increased from about 4.47 to 4.99 mm/s by increasing power from 600 to 

800 W, respectively. There was also a large change in solidification rate by changing the travel 

speed. For welds made in AM 304L at a power of 600 W, the solidification rate decreased from 

9.61 to 4.47 mm/s with an increase in travel speed from 12.7 to 25.4 mm/s. Increasing the travel 

speed increased the solidification rate as shown in Figure 6.16. This trend was already evident 

from Equation 3.12: 𝑅 = 𝑉 ∙ cos 𝜃               (3.12) 

By increasing the travel speed, the heat input was lower which caused the solidification rate to 

increase.  

For both travel speeds, welds made in AM 304L had lower solidification rates than welds 

made in wrought 304L. Since the melting temperature was about the same between wrought and 

AM 304L stainless steel, the thermal gradient should be similar for wrought and AM 304L 

stainless steel. The main differences between wrought and AM 304L were the composition and 
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base microstructure. The AM 304L microstructure consists of small, elongated grains. Due to 

epitaxial growth, the small grain size from the base material will continue into the weld metal. 

To maintain small grains, more nuclei must form which could result in the slower solidification 

rates. Wrought 304L microstructure, contains larger grains meaning fewer nuclei are required to 

form which may result in faster solidification rates. 

 

 
Figure 6.16: Solidification rate of laser welds produced with varying powers and travel speeds. 

 

  



161 
 

Table 6.2: Solidification rate values. 

Material 
Power  

(W) 

Travel Speed 

(mm/s) 

Heat Input 

(J/mm) 

Solidification Rate 

(mm/s) 

AM 304L 600 12.7 35.43 4.47 ± 0.73 

AM 304L 700 12.7 44.09 4.73 ± 0.62 

AM 304L 800 12.7 53.54 4.99 ± 0.59 

AM 304L 600 25.4 17.72 9.61 ± 0.95 

AM 304L 800 25.4 26.77 9.65 ± 0.29 

AM 304L 1000 25.4 35.43 8.41 ± 0.54 

     

Wrought 304L 600 12.7 35.43 6.19 ± 0.21 

Wrought 304L 700 12.7 44.09 6.36 ± 0.50 

Wrought 304L 800 12.7 53.54 6.38 ± 0.88 

Wrought 304L 600 25.4 17.72 9.64 ± 1.41 

Wrought 304L 800 25.4 26.77 11.84 ± 1.45 

Wrought 304L 1000 25.4 35.43 11.89 ± 1.76 

 

6.3.2 Weld Bead Morphology 

The weld bead shape is important as a change in shape would also indicate a change in 

thermal conditions or fluid flow. The top surfaces of the laser welds were analyzed, and 

representative macrographs are shown in Figure 6.17. There was instability at the weld toe for 

the laser weld made in AM 304L, shown in Figure 6.17(a). Weld toe instability would be of 

concern as it could bring variations in the weld width. A change in the shape means also implies 

a change in thermal conditions and possibly a change in microstructure. The weld toe was more 

stable and the widths more consistent for the laser welds made in wrought 304L, shown in 

Figure 6.17(b). As the travel speed increased, the instability decreased, and the weld width 

became more stable. However, welds made in AM still exhibited some degree of instability at 

the weld toe. The instability at the weld toe could be due to local compositional differences that 

result in slightly different thermal profiles or inconsistencies of the vapor plume.  
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(a) 

 
(b) 

Figure 6.17: Top surface of bead-on-plate laser welds made at 800W and 24.7 mm/s in (a) AM 

304L and (b) wrought 304L. 
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Transverse cross-sections were collected from the center for each weld. The weld width 

and depth were measured for each weld condition. The notation AM-H refers to the welds made 

on the horizontal AM wall build and AM-V refers to the welds made on the vertical AM wall 

build as shown in Figure 3.13. The weld widths of the various laser welds are shown in 

Figure 6.18. Increasing power increased the weld width due to the higher heat input. The lowest 

travel speed, 10 mm/s, produced the widest weld widths due to the higher heat input. The weld 

widths decreased with increasing travel speed, due to the decreasing heat input as shown in 

Figure 6.18(a-c). In general, the welds produced in AM 304L produced a wider weld width than 

the welds produced in wrought 304L.  

Due to the high concentration of oxygen present within AM 304L, it was expected that 

the weld width would be shallow. In the case of laser welding in sharp focus, the oxygen 

concentration might not have as strong of an effect as it would have during arc welding. The 

orientation of the build had a small effect on the weld width. Laser welds made perpendicular to 

the build direction (AM-V) produced wider welds than laser welds made parallel to the build 

direction (AM-H). The difference in weld width between the two builds was small and could be 

a result of natural variation between different heats.  

 The weld depths of the various laser welds are shown in Figure 6.19. Similar to the weld 

widths, increasing power and decreasing the travel speed increased the depth of penetration. 

Laser power of 200 W produced little differences in the penetration depth for the bead-on-plate 

laser welds. At higher travel speeds, the difference in the penetration depth between the materials 

was quite small, which suggests that the difference in vapor plume pressure was not significant 

enough for lower heat inputs. However, a significant difference in the penetration depth for laser 

welds produced with the highest power and lowest travel speed (highest heat input). Wrought 

304L stainless steel achieved full penetration while welds in AM 304L achieved partial 

penetration. This higher heat input forced a difference in welding behavior between wrought and 

AM 304L stainless steel. This difference can be attributed to the effect of the vapor plume. The 

pressure of the vapor plume was slightly larger in wrought 304L stainless steel which would lead 

to deeper penetration.  
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(a) 

 
(b) 

 
(c) 

Figure 6.18: Weld widths measured from laser welds made in wrought and AM 304L stainless 

steel at travel speeds of (a) 10 mm/s, (b) 15 mm/s, and (c) 25 mm/s. 
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Figure 6.19: Weld depths measured from laser welds made in wrought and AM 304L stainless 

steel at various powers and travel speeds. 
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Table 6.3: Bead morphologies from transverse cross-section of bead-on-plate laser welds made in wrought 304L and AM 304L. 

Travel 

Speed 

(mm/s) 

Power 

(W) 

Wrought 304L 

Weld Width 

(µm) 

AM-H 304L 

Weld Width 

(µm) 

AM-V 304L 

Weld Width 

(µm) 

Wrought 304L 

Weld Depth 

(µm) 

AM-H 304L 

Weld Depth 

(µm) 

AM-V 304L 

Weld Depth 

(µm) 

10 200 503.7 ± 1.83 612.79 ± 2.77 636.51 ± 1.58 710.6 ± 3.99 736.51 ± 4.76 739.68 ± 0.04 

10 400 1020.12 ± 4.86 1157.69 ± 3.68 1181.41 ± 8.41 1461.95 ± 4.76 1387.30 ± 6.35 1397.09 ± 5.28 

10 600 1352.45 ± 4.79 1395.48 ± 0.09 1460.62 ± 5.50 2007.94 ± 5.50 1928.57 ± 4.76 1814.29 ± 0.04 

10 800 1525.97 ± 13.24 1722.82 ± 3.65 1822.63 ± 0.13 3094.18 ±3.67 2580.90 ± 7.67 2629.51 ± 3.24 

15 200 451.87 ± 2.42 548.70 ± 0.92 501.60 ± 1.59 487.30 ± 2.75 649.21 ± 3.17 679.37 ± 4.20 

15 400 931.22 ±3.66 1006.45 ± 3.12 1044.53 ± 0.04 1301.59 ± 3.17 1234.92 ± 5.50 1195.77 ±1.83 

15 600 1144.46 ± 9.90 1258.73 ± 2.75 1303.37 ± 7.32 1658.73 ± 7.27 1698.41 ± 2.75 1687.83 ± 5.86 

15 800 1362.45 ± 0.22 1536.52 ± 2.76 1463.53 ± 5.50 2171.43 ± 4.76 2225.40 ± 2.75 2034.92 ± 5.50 

25 200 394.71 ± 0.91 423.81 ± 1.59 391.55 ± 2.41 457.14 ± 1.59 521.16 ± 3.67 543.41 ± 1.78 

25 400 694.45 ± 1.37 838.91 ± 1.36 860.41 ± 2.73 1094.44 ± 1.37 1042.86 ± 2.38 1050.39 ± 2.29 

25 600 899.47 ± 1.83 1028.58 ± 0.20 1089.98 ± 3.68 1510.05 ± 1.83 1553.97 ± 2.75 1468.79 ± 4.84 

25 800 1133.35 ± 4.77 1362.09 ± 0.04 1303.46 ± 2.72 1955.56 ± 2.75 1885.71 ± 4.76 1885.56 ± 2.75 
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Measuring the width of the top surface and the depth of penetration is not enough to 

describe the differences in the bead morphology. Since the largest differences occurred at higher 

heat inputs, the subsequent discussion will focus solely on laser welds that were produced at 

800 W. Figure 6.20 shows the transverse cross-sections of laser welds produced with a travel 

speed of 10 mm/s. The shape of the conduction mode region and the keyhole region are different 

for laser welds produced in wrought 304L and AM 304L. The conduction region made in the 

wrought 304L stainless steel contained large porosities that were entrapped gas. These porosities 

were not observed within the laser welds produced in AM 304L. In the laser weld made in 

wrought 304L stainless steel, the conduction region took on more of a ‘U’ shape, instead of the 

“V” shape in the AM 304L stainless steel laser welds. The differences in shape within the 

conduction region suggests that the heat transfer was different for welds made in wrought and 

AM 304L stainless steel, since the heat transfer is perpendicular to the solid/liquid interface.  

The keyhole shape is also different between laser welds made in wrought and AM 304L 

stainless steel. The keyhole width was narrow in the wrought laser weld, with slight bulging in 

the middle of the keyhole. The width of the keyhole in the laser weld made in AM-H 304L was 

wider than the keyhole made in wrought 304L. The keyhole shape made in AM-V 304L is 

necked where the conduction region and keyhole regions meet and then the keyhole bulges 

outward. The difference in keyhole shape could be due to the shape of the cavity that formed by 

the vapor plume and the keyhole instability with time.  

Bead-on-plate laser welds revealed a heat affected zone (HAZ) within the AM 304L 

builds, but not within wrought 304L. Typically, a HAZ is not observed in laser welds produced 

in austenitic stainless steels. Laser welds produce much lower heat inputs which is insufficient to 

cause austenitic grains to recrystallize. However, as-built laser powder bed fusion AM 304L 

contained solidification substructure. The heat input from laser welding was sufficient to remove 

surrounding substructure which is why a HAZ became visible. A HAZ developed only in bead-

on-plate laser welds and not within the spot welds, which means that the 10 ms spots did not 

produce enough heat to remove substructure within the as-built AM builds. If laser welds were 

produced in a heat-treated AM build, the substructure would have been removed from the heat 

treatment and a HAZ would not be visible from laser welding.
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Figure 6.20: Macrograph of the transverse cross-sections of bead-on-plate laser welds made at 800W and 10 mm/s. 
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6.3.3 Microstructure 

Representative microstructures of the bead-on-plate laser welds made in wrought 304L 

are shown in Figure 6.21. The weld pool solidified as Type FA, dendritic solidification. The 

lighter regions were austenite and the darker regions were ferrite. In the fusion zone, ferrite had 

continued into the base microstructure as shown in Figure 6.21(a). The microstructure consisted 

of continuous networks of lathy ferrite near the fusion zone as shown in Figure 6.21(b). This 

microstructure was characterized as lathy ferrite due to the formation of a lath-like structure, of 

delta ferrite plates. The microstructure then transitioned to continuous networks of vermicular 

ferrite (skeletal ferrite) towards the weld center as shown in Figure 6.21(c). According to Brooks 

et al. [46] vermicular ferrite and lathy ferrite resulted from similar diffusion mechanisms and so 

it would be common to see the two morphologies together.  

The representative microstructures of bead-on-plate laser welds made in AM 304L are 

shown in Figure 6.22 and Figure 6.23. The microstructure and solidification behavior of welds 

made within AM 304L builds were more complicated than those made in wrought 304L. Welds 

produced in AM 304L stainless steel resulted in both primary austenite and primary ferrite 

solidification modes. At the fusion zone, a small amount of planar solidification took place as 

shown in Figure 6.22. The solidification quickly transitioned to Type AF, cellular solidification, 

with delta ferrite segregating to the cell boundaries, as shown in Figure 6.23(a). The 

solidification substructure then transitioned to Type FA dendritic solidification, producing 

discontinuous vermicular ferrite and discontinuous lathy ferrite as shown in Figure 6.23(b). 

Figure 6.23(c) shows a micrograph collected at the center of the weld which contained 

discontinuous ferrite that solidified in a different direction compared to Figure 6.23(b).  

Due to rapid solidification during laser welding, primary austenite solidification can 

occur when primary ferrite solidification is expected [38, 61, 176–179]. During primary austenite 

solidification, ferrite stabilizers are rejected to the liquid forming delta ferrite within cell 

boundaries. Through segregation of ferrite stabilizing elements and a shift in solidification rate, 

the solidification mode can change to primary ferrite solidification. Upon cooling, delta ferrite 

transforms to austenite; however, due to rapid cooling, ferrite does not fully transform into 

austenite, leaving behind the lathy and vermicular ferrite morphologies. 
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(a) 

 
(b) 

 
(c) 

Figure 6.21: Wrought 304L weld microstructures produced with a power of 800W and travel 

speed of 10 mm/s demonstrating (a) ferrite formation in the base material, (b) lathy ferrite and 

(c) vermicular ferrite. 
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The discontinuous nature of the ferrite morphology can be attributed to a finer 

substructure size. Additively manufactured components are produced under rapid solidification, 

producing finer substructure than a wrought or cast component. Since AM 304L was welded in 

the as-built condition, the substructure size was most likely transferred to the weld, due to 

epitaxial growth. With finer substructure, more dendrites must nucleate to complete 

solidification, which creates more competition for dendrite growth, thus causing the 

discontinuous structure within the AM microstructure. 

 

 
Figure 6.22: Micrograph of a laser weld made in AM-H 304L produced at 800W and 10 mm/s. 
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(a) 

 
(b) 

 
(c) 

Figure 6.23: Representative microstructures of welds made in AM 304L produced with 800 W 

and 25 mm/s. The pictures are located at (a) the weld toe, (b) midway between the center and 

weld toe, and (c) in the center of the weld. 
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The solidification substructure is controlled by the solidification rate and temperature 

gradient as shown in Figure 6.24. For welds made in wrought 304L, the weld solidified as 

dendrites which suggests a fast growth rate and a relatively low temperature gradient. As the 

solid/liquid front approaches the center of the weld, the solidification rate increases. However, an 

increase in the solidification rate will not change the morphology of the substructure. For welds 

made in AM 304L, the solidification starts as planar, which occurs at very slow solidification 

rates, then transitions to cellular, and then transitions to equiaxed dendritic. Assuming that the 

temperature gradient is the same for wrought and AM 304L, it means that the growth rate is 

initially slow at the fusion line and increases towards the weld center.  

 

 
Figure 6.24: Effect of temperature gradient and growth rate on solidification microstructure [51]. 

 

The Creq/Nieq equivalents were calculated for both wrought and AM 304L stainless steel 

and are tabulated in Table 6.4. The Creq/Nieq equivalents were plotted in the pseudo binary 

phase diagram, given the solidification rates calculated earlier, are shown in Figure 6.25. 

According to the pseudo-binary phase diagram, the solidification should occur as Type FA for 

both wrought and AM 304L stainless steel. All the bead-on-plate laser welds produced Type FA 

as the pseudo-binary phase diagram predicted. However, the pseudo-binary phase diagram 



174 
 

predicted Type F solidification for welds made in wrought 304L at high solidification rates 

(greater than 10 mm/s). For a weld produced in wrought 304L at 800W and 25 mm/s, the 

solidification rate is about 11.8 mm/s, which resulted in Type FA solidification. The 

experimental results show that the boundary between Type FA and Type F could be adjusted to 

increase the area of Type FA solidification.  

 

Table 6.4: Creq/Nieq equivalents for the various constitution diagrams. 

Diagram 
Wrought 304L 

Creq/Nieq 

AM 304L 

Creq/Nieq 

Schaeffler 1.92 1.81 

Delong 1.66 1.56 

WRC – 1992 1.73 1.67 

 

 
Figure 6.25: Pseudo-binary phase diagram with the Cr/Ni equivalents of wrought and AM 304L 

stainless steel plotted. 
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Since the delta ferrite volume fraction is a function of morphology, the discontinuous 

delta ferrite within welds produced in AM 304L might produce different volume fractions 

compared to welds made in wrought 304L. The ferrite volume fractions for welds produced at 

200 and 800 W are shown in Figure 6.26. For welds made in conduction mode, at 200W laser 

power, increasing the travel speed decreased the amount of ferrite that formed. This behavior 

could be attributed to the faster solidification rate which limited segregation of ferrite-stabilizing 

elements. The ferrite volume fraction shows a similar trend between welds made in wrought 

304L and the vertical AM 304L build (AM-V 304L). Welds made in the horizontal build 

direction of AM 304L (AM-H 304L) produced slightly different behavior, but larger variation 

because of the gradient in ferrite concentration as shown in Figure 6.27. At the weld edge, the 

delta ferrite volume fraction is close to 19 vol.% while in the center of the weld, the delta ferrite 

volume fraction has reduced to around 14.3 vol.%.  

Welding in keyhole mode did not result in as drastic of changes in the ferrite volume 

fraction as welding in conduction mode. Increasing the travel speed produced a different trend 

based on the material being welded on. Welding in wrought 304L, the ferrite volume fraction 

decreased with increasing travel speed. However, welding in AM 304L produced a more 

complicated trend. Increasing the travel speed from 10 to 15 mm/s, the volume fraction of ferrite 

increased. One reason for this to occur could be due to a finer solidification substructure, 

resulting in more ferrite. However, this theory did not hold true for wrought 304L, probably due 

to differences in solidification rate. There was a decrease in ferrite volume fraction from 15 to 25 

mm/s for welds produced in AM-H 304L. This decrease was due to a reduction of ferrite in the 

keyhole as seen in Figure 6.28. A decrease in ferrite in the keyhole was also observed in welds 

produced in AM-V as shown in Figure 6.28. However, the behavior was not apparent in the plot 

in Figure 6.26(b). Figure 6.28 shows the transverse cross-sections of welds made at 800W and 25 

mm/s. There is a gradient in ferrite volume fraction within the keyhole for welds made in AM 

304L, regardless of the build orientation. This behavior was not replicated in wrought 304L.  
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(a) 

 
(b) 

Figure 6.26: Ferrite volume fraction for welds made at (a) 200W and (b) 800 W. 
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Figure 6.27: Microstructure of laser welds made in wrought 304L and AM 304L at a power of 200W and travel speed of 15 mm/s. 
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Figure 6.28: Macrograph of the transverse cross-sections of bead-on-plate laser welds made at 800W and 25 mm/s. 
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The light optical micrographs showed the existence of a precipitate within welds 

produced by wrought 304L. However, the resolution was too low to characterize the precipitates. 

Therefore, higher magnifications would be required to identify the precipitates. Micrographs 

collected by the FESEM of laser welds made in wrought 304L are shown in Figure 6.29. There 

were regions that looked like pits (highlighted by the yellow box), as shown in Figure 6.29(a). 

Increasing the magnification within the yellow box revealed spherical precipitates. Since the 

precipitates are small, an EDS spot scan will most likely show the electron beam interaction with 

the austenitic grain. Therefore, EDS spot scans were collected in the austenitic grain and of the 

precipitate. The corrected precipitate composition was calculated by subtracting the precipitate 

composition by the austenite composition as shown in Table 6.5. The positive values were 

elements that were part of the precipitate and the negative values were elements that resided 

within the austenite grain. The precipitate is comprised of iron, carbon, and chromium with the 

chemical formula Fe4C3Cr. A pseudo-binary phase diagram was generated for the wrought 

composition are shown in Figure 6.30. Upon solidification, spinel and BCC_A2 form first. The 

formula for BCC_A2 is (Cr Fe)1 (C)3. The current finding is close to the formula calculated by 

Thermo-Calc. 

 

 

 

Table 6.5: Composition of austenite and precipitate in wrought 304L collected by EDS. 

Element 
Precipitate 

(wt.%) 

Precipitate 

(at. %) 

Austenite 

(wt. %) 

Austenite 

(at. %) 

Corrected Precipitate 

(at. %) 

C 1.83 7.35 1.60 6.41 + 0.94 

O 2.99 9.03 3.32 10.02 - 0.99 

Si 0.66 1.14 0.81 1.39 - 0.25 

Cr 17.88 16.60 17.53 16.27 + 0.33 

Fe 68.65 59.33 67.01 57.91 + 1.42 

Ni 7.98 6.56 9.73 7.99 - 1.43 
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(a) 

 

 
(b) 

Figure 6.29: FESEM micrographs of a laser weld made in wrought 304 at 800W and 10 mm/s at 

a magnification of (a) 3,500X and (b) 43,000X. 
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Figure 6.30: Thermo-Calc pseudo-binary phase diagram calculated with the wrought 304L 

composition. 

 

 

Table 6.6: Composition of austenite and precipitate in AM 304L collected by EDS. 

Element 
Precipitate 

(wt.%) 

Precipitate 

(at. %) 

Austenite 

(wt. %) 

Austenite 

(at. %) 

Corrected Precipitate 

(at. %) 

C 1.61 6.47 1.60 6.41 + 0.06 

O 3.26 9.83 3.32 10.02 - 0.19 

Si 1.01 1.73 0.81 1.39 + 0.34 

Cr 17.57 16.29 17.53 16.27 + 0.02 

Fe 67.28 58.07 67.01 57.91 + 0.16 

Ni 9.26 7.60 9.73 7.99 - 0.39 
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(a) 

 

 
(b) 

Figure 6.31: FESEM micrographs of a laser weld made in wrought 304 at 800W and 10 mm/s at 

a magnification of (a) 3,300X and (b) 16,000X 
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Figure 6.32: Thermo-Calc pseudo-binary phase diagram calculated with the AM 304L 

composition. 

 

Higher magnification micrographs of welds made in AM 304L are shown in Figure 6.31. 

There were parallel bars of ferrite that formed on the right hand side of Figure 6.31(a). These are 

thought to be the discontinuous lathy ferrite. Since wrought 304L welds contained precipitates 

within what looked like pitted areas, examination at a higher magnification was conducted at the 

location of the yellow box. Instead of precipitates forming in what looks like pitted areas, 

precipitates were found within the ferrite as shown in Figure 6.31(b). The composition of the 

precipitate was calculated in the same way as the precipitate in the wrought 304L weld. The 

precipitate in AM 304L contained carbon, silicon, chromium, and iron. The chemical formula is 

Si16Fe8C3Cr. A pseudo-binary phase diagram was generated from the AM 304L composition. 

The chemical formula most resembles that of the sigma phase identified by Thermo-Calc which 
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is (Cr Fe Mn Ni)10 (Cr Mo)4 (Cr Fe Mn Mo Ni Si)16. Though the experimental formula does not 

completely resemble the Thermo-Calc formula for sigma phase, the high concentration of silicon 

from the experiment most resembles the silicon concentration Thermo-Calc predicted. It is 

entirely possible that sigma has formed since silicon expands the sigma phase range and the 

precipitation of sigma takes place more rapidly in delta ferrite that austenite [3]. If in fact these 

precipitates are sigma phase, then there is concern for embrittlement of the laser welds.  

 

6.4 Summary 

High speed video data was collected to characterize the molten weld pool behavior. Weld 

pool growth, oscillation modes, and oscillation amplitudes were characterized and measured 

from the high speed videos. At smaller laser input energies, the weld width was about the same 

for spot welds made in wrought and AM 304L stainless steel. However, during keyhole mode 

welding, there is deviation in weld width for spot welds made in wrought and AM 304L stainless 

steel. The weld width was wider for spot welds made in wrought 304L stainless steel compared 

to AM 304L stainless steel. This observation was most likely the effect of surface tension, as AM 

304L contained a higher oxygen concentration which would result in a narrower weld pool than 

wrought 304L. Since this behavior was only observed in keyhole mode, the laser-material 

interaction volume appeared to be important to emphasize the differences in the molten pool 

behavior.  

Six distinct oscillation modes developed within spot welds created in wrought and AM 

304L stainless steel. Weld pool oscillations were controlled by surface tension and the pool size. 

Group 1 oscillation modes were present only in the early stages of spot welding which is 

associated with smaller weld pools. These oscillation modes are described with an up-down 

motion of the weld pool surface. Some rotation of the weld pool was also observed, but not 

always. Oscillation mode A and C were observed in spot welds made in both wrought and AM 

304L stainless steel. However, oscillation mode B only existed in the AM 304L welds, which 

suggests the effect of composition at the early stages during spot welding. Group 2 oscillation 

modes occurred later in the spot welding process which is related to a larger weld pool. Group 2 

oscillation modes showed molten metal sloshing side to side. Spot welds made in wrought and 

AM 304L stainless steel exhibited oscillation modes D and F. However, only spot welds made in 

wrought 304L exhibited oscillation mode E.  
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The oscillation amplitude increased as time increased, and in a corollary manner, when 

temperature increased. The spot weld amplitudes were slightly higher when made in AM 304L 

stainless steel. This higher wave amplitude can be a concern since it may cause a volatile 

collapse in the molten pool when the laser is turned off, resulting in metal ejection. To avoid this 

behavior, the laser should ramp down instead of shutting down from the maximum power. 

Solidification of the molten pool from high speed video showed that the top portion of the pool 

solidifies around the same time for spot welds made in wrought and AM 304L stainless steel. 

However, the shrinkage of the spot weld to form a crater showed that there was a difference 

between wrought and AM 304L at lower temperatures.  

The theoretical partial pressures of individual elements found within the vapor plume 

were calculated. Elements with the largest concentration contribute the most to the vapor plume, 

i.e. iron has the largest partial pressure within the vapor plume. The elements that had the largest 

partial pressures were about the same for both wrought and AM 304L stainless steel. Aside from 

iron, chromium, and nickel, carbon had the largest influence on the vapor plume. Phosphorous 

and oxygen contained the largest difference in partial pressures between wrought and AM 304L, 

however, their partial pressures were very small as compared to carbon. The total vapor pressure 

produced in wrought 304L was larger than the vapor pressure produced in AM 304L, suggesting 

that wrought welds should have deeper penetration than the AM welds. This relationship was 

indeed verified in bead-on-plate welds created at 800W with a travel speed of 10 mm/s. 

However, at lower heat inputs the penetration was about the same for bead-on-plate welds 

produced in wrought and AM 304L. 

Bead-on-plate laser welds produced larger differences in morphology than spot welds. 

Welds made in AM 304L produced a heat-affected zone. This is because in the as-built 

condition, the AM builds retained solidification substructure that would be removed by the 

welding process. Heat-affected zone was not observed within the wrought welds and would most 

likely not develop in heat-treated AM builds. Heat affected zones were not exhibited by spot 

welds. The absence of heat-affected zone in the spot welds was attributed to the fact that not 

enough heat was produced to remove the substructure. 

The weld depths are about the same for welds made on wrought and AM 304L material, 

except for welds made at 800W and 10 mm/s, which created full penetration welds in wrought 

304L and only partial penetration welds in AM 304L. Welds produced in AM 304L are wider 
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and, in keyhole mode, created more of a “V” shape morphology within the conduction region 

and the keyhole is wider. Welds produced in wrought 304L are narrower, and in keyhole mode, 

the conduction region is more of a “U” shape and the keyhole width is narrower. Temperature 

gradient and vapor plume played an important role in the observed change in weld shape. 

 Solidification rates were calculated for welds made at various powers and travel speeds. 

In general, the welds made in wrought 304L solidified at a higher rate than welds made in AM 

304L. Welds made in wrought 304L and AM 304L underwent Type FA solidification and 

contained delta ferrite morphologies of lathy ferrite and vermicular ferrite. Wrought welds 

produced more continuous networks of delta ferrite, most likely due to larger solidification 

substructure and faster initial solidification rates. Welds made in AM 304L were more complex, 

with both primary austenite and primary ferrite solidification in AM 304L welds. At the fusion 

line, primary austenite solidification takes place as planar solidification and then shifts to cellular 

solidification. The solidification mode then shifts to primary ferrite solidification with dendritic 

solidification morphology. The shift in solidification mode and substructure is a combination of 

compositional segregation and change in solidification rate. Wrought weld microstructures also 

contained some sort of iron, chromium carbide within the austenite phase, while AM weld 

microstructures contained a secondary phase that was rich in silicon (potentially sigma phase) 

within delta ferrite.  

The difference in solidification rate, solidification mode, ferrite morphologies, and 

composition resulted in different delta ferrite contents that potentially could affect the 

mechanical properties of the welds. The welds produced in AM 304L contained a gradient in the 

delta ferrite concentration, likely due to the change in solidification rate as a function of time or 

distance.  
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CHAPTER 7 CONCLUSIONS 

The overall goal for this research was to determine the effects of the additive 

manufacturing process on the laser welding behavior of laser powder bed additively 

manufactured 304L stainless steel. This goal was achieved by studying the laser interaction, 

welding behavior, and solidification behavior. Wrought 304L was also studied as a comparison, 

to understand if AM 304L would exhibit any differences in welding and solidification behavior 

from the wrought material. Overall, AM 304L exhibited similar laser-material interaction as 

wrought 304L; however, the weld bead morphology and solidification behavior of laser welds 

produced in AM 304L showed distinctions from laser welds produced in wrought 304L. Welds 

made in AM 304L exhibited both primary austenite and primary ferrite solidification, while 

welds made in wrought 304L only exhibited primary ferrite solidification. The difference in 

solidification mode was attributed to compositional and solidification rate differences between 

AM 304L and wrought 304L stainless steel. 

Additively manufactured 304L builds contained larger amounts of oxygen, compared to 

wrought 304L, which was a concern since oxygen affects the surface tension of the molten pool. 

The as-built condition produced a fully austenitic microstructure that contained the fusion lines 

from the individual deposits, cellular austenite substructure and massive austenite grains. Grains 

solidified as narrow, elongated grains. About half of the grains grew epitaxially through multiple 

deposits. The wrought 304L stainless steel microstructure consisted of equiaxed austenitic grains 

with small amounts of delta ferrite formed within the grain boundaries. Due to the production of 

wrought 304L stainless steel, any solidification substructure would have been removed. 

However, banding was observed due to the rolling process. Even though there were 

microstructural differences between wrought and AM 304L, these differences did not seem to 

significantly affect the solidification behavior of the welds based on the results of this work. 

Further characterization of the laser welds must be performed to determine effects of 

microstructure. 

In general, both wrought 304L and AM 304L, when prepared with the same surface 

finish, exhibited similar laser-material coupling efficiencies and dynamic absorptances at a range 

of laser powers for 10 ms spot welds. This result shows that the laser interacted with the material 

in the same way, thereby, differences in welding or solidification behavior did not result from 

different behavior in laser-material interaction.  
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A short welding duration of 10 ms was insufficient to conclusively determine how 

impurities affected the molten pool behavior and weld bead morphologies, especially for welds 

produced in conduction mode. Bead-on-plate welds produced larger differences in weld bead 

morphology, compared to spot welding. When comparing the width and penetration depth, the 

largest difference in weld bead morphology occurred at the highest laser power and lowest travel 

speed, suggesting that a high heat input would be required to cause noticeable differences 

between what is essentially two different heats of 304L stainless steel. However, differences in 

the general shape became more defined with faster travel speeds, even though the width and 

penetration depths were the same. The welds made in wrought 304L took more of a “U” shape 

within the conduction region and the welds made in AM 304L took more of a “V” shape within 

the conduction region. Also, the keyhole has a wider width for welds made in AM 304L. 

The largest difference between welding in wrought 304L and AM 304L stainless steel 

was the solidification behavior. Solidification of spot welds and bead-on-plate laser welds made 

in AM 304L produced both primary austenite and primary ferrite solidification modes. The shift 

in solidification mode could be attributed to the composition of AM 304L, which produced a 

lower Creq/Nieq, and the slower solidification rate. Solidification of spot welds and bead-on-plate 

laser welds made in wrought 304L only exhibited primary ferrite solidification mode. Again, this 

behavior was attributed to the composition, which resulted in a higher Creq/Nieq, and faster 

solidification rate. However, the high concentration of phosphorous was shown to be detrimental 

within the 10 ms spot welds.  

 The large oxygen concentration in AM 304L would be a concern as it could affect the 

Marangoni flow of the molten pool during conduction mode welding; during keyhole welding, 

oxygen could affect the vapor plume pressure and therefore the recoil pressure. Therefore, 

oxygen could have affected the weld bead morphology. However, based on the results of this 

research, oxygen showed only a small, if not negligible, effect on the laser welding behavior of 

AM 304L stainless steel. Welds made under conduction mode produced similar weld widths and 

penetration depths in both wrought and AM 304L stainless steel. Welds made under keyhole 

mode produced similar penetration depths suggesting that the recoil pressures were about the 

same for wrought and AM 304L. The theoretical vapor plume calculation shows that the partial 

pressure of oxygen in the vapor plume is very small and, therefore, oxygen has a very small role 

in the recoil pressure. The small weld pool size, low heat input (within a range of 100 to 800 W), 
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high solidification rate exerted greater influences on the laser welds than oxygen, contrary to gas 

tungsten arc welds, in which the oxygen-induced Marangoni effect was much more pronounced. 
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CHAPTER 8 FUTURE WORK 

The results of this thesis have improved the understanding of the laser welding behavior 

of AM 304L, particularly regarding laser-AM material interaction, weld pool development and 

solidification mode. As all research programs are realistically limited by time, however, this 

specific program had to narrowly focus the scope of the work. Regretfully, it was not possible to 

pursue all research interests and avenues. Listed in the following are several research topics that 

would help to further understand additive manufacturing and the welding and joining behavior of 

such material. Most of the topics are related to the AM processing since their effects will carry 

through to the welds as well. It is hopeful that future researchers would continue along the line of 

research outlined below.  

• Study the temperature profile during the additive manufacturing process. The 

thermal history of AM builds is complex. If multiple parts are built on a plate, one part 

will experience rapid heating from building up one layer followed by cooling as other 

parts are being built. It would be important to understand if one part reaches a steady-

state temperature at a certain height in the build (from the substrate) or if there are 

regions in one part that would be considerably hotter than other regions. As the element 

partition coefficients are dependent upon temperature, it is plausible that elemental 

segregation may change according to the thermal history, leading to different mechanical 

performance in different regions of the same build.  

• Study the effect of the laser raster pattern. The laser raster pattern has a large effect on 

the temperature profile and potentially alloy element distribution in an AM build. To 

study the effect of the raster patter, waterfall builds were created with different scan 

rotations, ranging from a simple scan rotation of 0° and increasing the complexity to 67°. 

Despite having prepared these samples, they were not extensively studied in this work. 

These experiments were conducted to unveil the effect of the raster pattern on the layer 

dimensions as a function of height in the build. Elemental segregation characteristics 

across the layers should be characterized in detail with increasing scan rotation 

complexity. 

• Understand the variation in layer thickness in additive manufacturing builds. Since 

a 40 µm layer of powder is added to each layer, an assumption was made that each layer 
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(or individual deposit) was also 40 µm. This assumption was found to be untrue in this 

research. However, this research did not determine what caused the variation in the layer 

thicknesses. By understanding what affects this variation, the AM process can become 

more efficient and consistent; the variability in deposit geometry can be reduced.  

• Understand the importance of the first melt in DSC. This research showed that there 

are larger differences in the onset time to melt and solidify within the first melt than in 

the second melt. (Please refer to the thesis body for greater discussion.) The change in 

behavior was thought to be a result of removal of impurities. Nevertheless, the question 

remains as to the significance of reporting data obtained from the second melting if the 

impurities removed would have contributed to the differences in behavior between 

wrought 304L and AM 304L.  

• Study the effect of travel speed on the laser-material coupling efficiency. Due to 

damage of the internal BaSO4 coating (of the integrating sphere) during welding, the 

accuracy of the reflectivity measurements from the sphere decreases over time. In fact, 

that was the reason why spot welds were conducted instead of bead-on-plate welds. 

However, travel speed is expected to have a large impact on the coupling efficiency. 

Therefore, a method should be developed 1) to identify a more robust coating, 2) to 

minimize damage of the coating, and 3) to allow for adjustment for losses such that the 

effect of travel speed on a) coupling efficiency and b) the time to keyhole can be 

determined. 

• Understand the high frequency fluctuations in the dynamic absorptance data. This 

research showed that increasing power increased fluctuations in the dynamic absorptance. 

It would be helpful to understand to what those fluctuations are related, whether it is an 

optical property or perhaps a physical property such as surface tension. Greater analysis 

of the dynamic absorptance data may help to clarify this behavior. 

• Perform deeper characterization of the high speed videos. Regretfully, time did not 

allow for all laser welding conditions to be analyzed. Multiple laser powers and shielding 

gas conditions were collected that were not analyzed in detail. Oscillation behavior of the 

other spot weld conditions should be characterized. It is possible that by determining the 

oscillation frequencies from these videos, the effect of oxygen on surface tension would 
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be more apparent. These videos could also be validated through modeling of the molten 

pool. 

• Perform laser welds on multiple heats of wrought 304L and AM 304L. This research 

lacked significant statistical data due to limited material availability. Only one heat of 

wrought 304L and one heat of AM 304L were used during this research. Type 304L has a 

wide range of acceptable compositions which will lead to welding and solidification 

differences. It would be interesting to determine if the variability in welding and 

solidification behavior of AM 304L was a result of the range of 304L composition. 

“Oxygen-free” AM 304L samples were produced* but not characterized in this work. It 

would be interesting to include those within the different heats of AM 304L to determine 

if oxygen can truly be ignored during laser welding. 

• Perform laser welds at high power (range of the normal industrial lasers). This 

research focused on lower laser powers (below 1 kW). Most industrial lasers, however, 

operate at higher powers (3 to 10 kW) which will allow keyhole mode to predominate. 

Thus, the vapor plume and recoil pressure will behave differently from the results found 

in this research, e.g. higher temperature profiles and different weld bead morphologies.  

• Perform laser welds with different laser parameters (defocused conditions). Laser 

welding does not always occur under sharp focus. It is common to operate slightly above 

or below sharp focus, which changes the beam profile to a Gaussian distribution. This 

change in laser condition will affect the molten pool oscillation behavior, vapor plume 

behavior, and resulting weld bead morphology. 

• Characterize the laser welds using TEM. The solidification modes were characterized 

using light optical microscopy and knowledge from literature of solidification 

morphology. Nickel and chromium segregate to different regions based on the 

solidification mode. Primary austenite solidification results in nickel partitioning to cell 

cores and chromium partitioning to cell boundaries, while, primary ferrite solidification 

results in nickel partitioning to cell boundaries and chromium partitioning to cell cores. 

To verify the solidification modes, STEM EDS should be performed across cell and 

dendrite cores to track the segregation of nickel and chromium as well as on the massive 

austenite grains. Precipitates were found to form in welds made in wrought and AM 
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304L. These precipitates should be properly characterized so the solidification sequence 

can be fully understood.  

*Oxygen-free welds were produced by Elementum 3D. 
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APPENDIX A SUPPLEMENTAL RESEARCH FILES 

 

A.1 Perceived Weld Width 

 

Table A.1: Data used to calculate the perceived weld width at a given cross-section. 

Layer 
Angle 

(°) 

Weld Width 

(mm) 
 Layer 

Angle 

(°) 

Weld Width 

(mm) 

1 0 0.08  36 185 0.08 

2 67 0.20  37 252 0.26 

3 134 0.12  38 319 0.11 

4 201 0.09  39 26 0.09 

5 268 2.29  40 93 153 

6 335 0.09  41 160 0.09 

7 42 0.11  42 227 0.12 

8 109 0.25  43 294 0.20 

9 176 0.08  44 1 0.08 

10 243 0.18  45 68 0.21 

11 310 0.12  46 135 0.11 

12 17 0.08  47 202 0.09 

13 84 0.77  48 269 4.58 

14 151 0.09  49 336 0.09 

15 218 0.10  50 43 0.11 

16 285 0.31  51 110 0.23 

17 352 0.08  52 177 0.08 

18 59 0.16  53 244 0.18 

19 126 0.14  54 311 0.12 

20 193 0.08  55 18 0.08 

21 260 0.46  56 85 0.92 

22 327 0.10  57 152 0.09 

23 34 0.10  58 219 0.10 

24 101 0.42  59 286 0.29 

25 168 0.08  60 353 0.08 

26 235 0.14  61 60 0.16 

27 302 0.15  62 127 0.13 

28 9 0.08  63 194 0.08 

29 76 0.33  64 261 0.51 

30 143 0.10  65 328 0.09 

31 210 0.09  66 35 0.10 

32 277 0.66  67 102 0.38 

33 344 0.08  68 169 0.08 

34 51 0.13  69 236 0.14 

35 118 0.17  70 303 0.15 
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Table A.1: Continued 

Layer 
Angle 

(°) 

Weld Width 

(mm) 
 Layer 

Angle 

(°) 

Weld Width 

(mm) 

71 10 0.08  113 304 0.14 

72 77 0.36  114 11 0.08 

73 144 0.10  115 78 0.38 

74 211 0.09  116 145 0.10 

75 278 0.57  117 212 0.09 

76 345 0.08  118 279 0.51 

77 52 0.13  119 346 0.08 

78 119 0.17  120 53 0.13 

79 186 79  121 120 0.16 

80 253 80  122 187 0.08 

81 320 81  123 254 0.29 

82 27 82  124 321 0.10 

83 94 83  125 28 0.09 

84 161 84  114 11 0.08 

85 228 85  115 78 0.38 

86 295 86  116 145 0.10 

87 2 87  117 212 0.09 

88 69 88  118 279 0.51 

89 136 89  119 346 0.08 

90 203 90  120 53 0.13 

91 270 91  121 120 0.16 

92 337 92  122 187 0.08 

93 44 93  123 254 0.29 

94 111 94  124 321 0.10 

95 178 95  125 28 0.09 

96 245 96  126 95 0.92 

97 312 97  127 162 0.08 

98 19 98  128 229 0.12 

99 86 99  129 296 0.18 

100 153 100  130 3 0.08 

101 220 101  131 70 0.23 

102 287 102  132 137 0.11 

103 354 103  133 204 0.09 

104 61 104  134 271 4.58 

105 128 105  135 338 0.09 

106 195 0.08  136 45 0.11 

107 262 0.57  137 112 0.21 

108 329 0.09  138 179 0.08 

109 36 0.10  139 246 0.20 

110 103 0.36  140 313 0.12 

111 170 0.08  141 20 0.09 

112 237 0.15  142 87 1.53 



208 
 

Table A.1: Continued 

Layer 
Angle 

(°) 

Weld Width 

(mm) 
 Layer 

Angle 

(°) 

Weld Width 

(mm) 

143 154 0.09  185 88 2.29 

144 221 0.11  186 155 0.09 

145 288 0.26  187 222 0.11 

146 355 0.08  188 289 0.25 

147 62 0.17  189 356 0.08 

148 129 0.13  190 63 0.18 

149 196 0.08  191 130 0.12 

150 263 0.66  192 197 0.08 

151 330 0.09  193 264 0.77 

152 37 0.10  194 331 0.09 

153 104 0.33  195 38 0.10 

154 171 0.08  196 105 0.31 

155 238 0.15  197 172 0.08 

156 305 0.14  198 239 0.16 

157 12 0.08  199 306 0.14 

158 79 0.42  200 13 0.08 

159 146 0.10  201 80 0.46 

160 213 0.10  202 147 0.10 

161 280 0.46  203 214 0.10 

162 347 0.08  204 281 0.42 

163 54 0.14  205 348 0.08 

164 121 0.16  206 55 0.14 

165 188 0.08  207 122 0.15 

166 255 0.31  208 189 0.08 

167 322 0.10  209 256 0.33 

168 29 0.09  210 323 0.10 

169 96 0.77  211 30 0.09 

170 163 0.08  212 97 0.66 

171 230 0.12  213 164 0.08 

172 297 0.18  214 231 0.13 

173 4 0.08  215 298 0.17 

174 71 0.25  216 5 0.08 

175 138 0.11  217 72 0.26 

176 205 0.09  218 139 0.11 

177 272 2.29  219 206 0.09 

178 339 0.09  220 273 1.53 

179 46 0.12  221 340 0.09 

180 113 0.20  222 47 0.12 

181 180 0.08  223 114 0.20 

182 247 0.20  224 181 0.08 

183 314 0.12  225 248 0.21 

184 21 0.09  226 315 0.11 
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Table A.1: Continued 

Layer 
Angle 

(°) 

Weld Width 

(mm) 
 Layer 

Angle 

(°) 

Weld Width 

(mm) 

227 22 0.09  269 316 0.11 

228 89 4.58  270 23 0.09 

229 156 0.09  271 90 5.00 

230 223 0.11  272 157 0.09 

231 290 0.23  273 224 0.11 

232 357 0.08  274 291 0.22 

233 64 0.18  275 358 0.08 

234 131 0.12  276 65 0.19 

235 198 0.08  277 132 0.12 

236 265 0.92  278 199 0.08 

237 332 0.09  279 266 1.15 

238 39 0.10  280 333 0.09 

239 106 0.29  281 40 0.10 

240 173 0.08  282 107 0.27 

241 240 0.16  283 174 0.08 

242 307 0.13  284 241 0.17 

243 14 0.08  285 308 0.13 

244 81 0.51  286 15 0.08 

245 148 0.09  287 82 0.57 

246 215 0.10  288 149 0.09 

247 282 0.38  289 216 0.10 

248 349 0.08  290 283 0.36 

249 56 0.14  291 350 0.08 

250 123 0.15  292 57 0.15 

251 190 0.08  293 124 0.14 

252 257 0.36  294 191 0.08 

253 324 0.10  295 258 0.38 

254 31 0.09  296 325 0.10 

255 98 0.57  297 32 0.09 

256 165 0.08  298 99 0.51 

257 232 0.13  299 166 0.08 

258 299 0.17  300 233 0.13 

259 6 0.08  301 300 0.16 

260 73 0.27  302 7 0.08 

261 140 0.10  303 74 0.29 

262 207 0.09  304 141 0.10 

263 274 1.15  305 208 0.09 

264 341 0.08  306 275 0.92 

265 48 0.12  307 342 0.08 

266 115 0.19  308 49 0.12 

267 182 0.08  309 116 0.18 

268 249 0.22  310 183 0.08 
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Table A.1: Continued. 

Layer 
Angle 

(°) 

Weld Width 

(mm) 
 Layer 

Angle 

(°) 

Weld Width 

(mm) 

311 250 0.23  336 125 0.14 

312 317 0.11  337 192 0.08 

313 24 0.09  338 259 0.42 

314 91 4.58  339 326 0.10 

315 158 0.09  340 33 0.10 

316 225 0.11  341 100 0.46 

317 292 0.21  342 167 0.08 

318 359 0.08  343 234 0.14 

319 66 0.20  344 301 0.16 

320 133 0.12  345 8 0.08 

321 200 0.09  346 75 0.31 

322 267 1.53  347 142 0.10 

323 334 0.09  348 209 0.09 

324 41 0.11  349 276 0.77 

325 108 0.26  350 343 0.08 

326 175 0.08  351 50 0.12 

327 242 0.17  352 117 0.18 

328 309 0.13  353 184 0.08 

329 16 0.08  354 251 0.25 

330 83 0.66  355 318 0.11 

331 150 0.09  356 25 0.09 

332 217 0.10  357 92 2.29 

333 284 0.33  358 159 0.09 

334 351 0.08  359 226 0.12 

335 58 0.15  360 293 0.20 
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A.2 Laser-Material Interaction Data 

 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure A.1: Progression of the raw data in wrought 17-4, with nitrogen shielding gas, as power 

increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, (g) 

388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure A.2: Progression of the raw data in ground, as-built AM 304L, with nitrogen shielding 

gas, as power increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 

355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure A.3: Progression of the raw data in untreated, as-built AM 304L, with nitrogen shielding 

gas, as power increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 

355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure A.4: Progression of the raw data in ground, heat treated AM 304L, with nitrogen 

shielding gas, as power increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 

W, (f) 355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

   
(j) (k) (l) 

Figure A.5: Progression of the raw data in ground, as received wrought 304L, without shielding 

gas, as power increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 

355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

   

(j) (k) (l) 

Figure A.6: Progression of the raw data in ground, as-built AM 304L, without shielding gas, as 

power increases (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, 

(g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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A.3 Reflection to the Weld Head 

 

 

Figure A.7: Peak specular reflections for wrought 17-4 with increasing power (a) 117.8 W, (b) 

203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 

537.8 W  
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Figure A.8: Peak specular reflections for wrought 304L with increasing power (a) 117.8 W, (b) 

203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, (g) 388.6 W, (h) 455.7 W, and (i) 

537.8 W. 
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Figure A.9: Peak specular reflections for as-built AM 304L with a ground surface condition for 

increasing power (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 W, 

(g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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Figure A.10: Peak specular reflections for as-built AM 304L with an untreated surface condition 

for increasing power (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 

W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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Figure A.11: Peak specular reflections for heat treated AM 304L with a ground surface condition 

for increasing power (a) 117.8 W, (b) 203.7 W, (c) 254.7 W, (d) 288.9 W, (e) 322.5 W, (f) 355.4 

W, (g) 388.6 W, (h) 455.7 W, and (i) 537.8 W. 
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A.4 Dynamic Absorptance 

 

 

 

 
(a) 

 
(b) 

Figure A.12: Dynamic absorptance of (a) as-received wrought 304L and (b) as-built AM 304L 

with a ground surface and no shielding gas. 
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A.5 Coupling Efficiency Values 

 

Table A.2: Coupling efficiency, in percent, for spot welds made in nitrogen shielding gas. 

Eo 

(J) 

Wrought 17-4 

ηCoupling (%) 

Wrought 304L 

ηCoupling (%) 

AM 304L, 

AB, GR 

ηCoupling (%) 

AM 304L, 

AB, UT 

ηCoupling (%) 

AM 304L, 

HT, GR 

ηCoupling (%) 

1.178 16.80 ± 4.21 16.67 ± 4.48 17.03 ± 4.37 34.09 ± 4.33 11.55 ± 4.56 

2.037 24.00 ± 4.34 24.58 ± 4.68 28.80 ± 4.44 26.47 ± 4.24 15.86 ± 4.33 

2.547 26.35 ±4.34 32.08 ± 4.30 32.23 ± 4.15 38.57 ± 4.18 28.17 ± 4.30 

2.889 39.95 ± 4.21 38.01 ± 4.14 39.79 ± 4.06 59.12 ± 4.23 37.32 ± 4.07 

3.225 54.80 ± 4.17 48.93 ± 4.11 57.85 ± 4.15 69.45 ± 4.33 55.74 ± 4.13 

3.554 64.18 ± 4.36 61.68 ± 4.22 64.03 ± 4.22 73.15 ± 4.40 64.68 ± 4.26 

3.886 70.57 ± 4.55 69.44 ± 4.33 70.75 ± 4.35 78.04 ± 4.51 69.48 ± 4.42 

4.557 79.82 ± 4.57 76.12 ± 4.48 76.21 ± 4.48 81.07 ± 4.57 76.32 ± 4.46 

5.378 82.73 ± 4.54 80.98 ± 4.52 82.03 ± 4.55 84.72 ± 4.64 80.15 ± 4.49 

 

Table A.3: Coupling efficiency, in percent, for spot welds made without shielding gas. 

Wrought 304L 

Eo (J) 

Wrought 304L  

ηCoupling (%) 

AM 304L  

Eo (J) 

AM 304L  

ηCoupling (%) 

1.170 31.82 ± 7.16 1.186 30.27 ± 4.20 

2.044 39.24 ± 6.74 2.021 35.01 ± 4.20 

2.556 39.50 ± 6.63 2.556 36.59 ± 6.17 

2.887 37.32 ± 6.74 2.865 30.58 ± 4.10 

3.221 38.87 ± 6.67 3.221 30.25 ± 6.61 

3.560 52.91 ± 5.75 3.712 67.76 ± 3.80 

3.887 63.45 ± 5.23 3.887 68.02 ± 4.88 

4.226 64.63 ± 5.17 4.226 70.64 ± 4.83 

4.573 74.18 ± 4.92 4.531 77.41 ± 3.90 

6.202 78.19 ± 4.84 5.896 82.27 ± 4.00 

7.837 86.05 ± 4.83 7.413 85.13 ± 4.00 

9.440 87.85 ± 4.84 8.914 86.26 ± 4.00 
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A.6 Spot Weld Profilometry Images 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure A.13: Spot welds made in wrought 304L at laser energies (a) 1.178 J, (b) 2.037 J, (c) 

2.547 J, (d) 2.889 J, (e) 3.225 J, (f) 3.554 J (g) 3.886 J, (h) 4.557 J, and (i) 5.378 J. 
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(f) 

 
(g) 

 
(h) 

 
(i) 

Figure A.14: Spot welds made in as-built AM 304L, with a ground surface at laser energies (a) 

1.178 J, (b) 2.037 J, (c) 2.547 J, (d) 2.889 J, (e) 3.225 J, (f) 3.554 J (g) 3.886 J, (h) 4.557 J, and 

(i) 5.378 J. 

 

 

  



226 
 

 

 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Figure A.15: Spot welds made in as-built AM 304L, with an untreated surface at laser energies 

(a) 1.178 J, (b) 2.037 J, (c) 2.547 J, (d) 2.889 J, (e) 3.225 J, (f) 3.554 J (g) 3.886 J, (h) 4.557 J, 

and (i) 5.378 J. 
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A.7 Activity Data 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure A.16: Activity diagrams calculated using Thermo-Calc using the composition for AM 

304L for (a) carbon, (b) chromium, (c) iron, and (d) manganese. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure A.17: Activity diagrams calculated using Thermo-Calc using the composition for AM 

304L for (a) nitrogen, (b) nickel, (c) oxygen, and (d) phosphorous. 
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(a) 

 
(b) 

Figure A.18: Activity diagrams calculated using Thermo-Calc using the composition for AM 

304L for (a) sulfur and (b) silicon. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure A.19: Activity diagrams calculated using Thermo-Calc using the composition for wrought 

304L for (a) carbon, (b) chromium, (c) iron, and (d) nitrogen. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure A.20: Activity diagrams calculated using Thermo-Calc using the composition for wrought 

304L for (a) manganese, (b) nickel, (c) oxygen, and (d) phosphorous. 
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(a) 

 
(b) 

Figure A.21: Activity diagrams calculated using Thermo-Calc using the composition for wrought 

304L for (a) sulfur and (b) silicon. 
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A.8 Bead-on-Plate Macrographs 

 

 
Figure A.22: Macrographs of transverse cross-sections of bead-on-plate laser welds created at 200W. 
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Figure A.23: Macrographs of transverse cross-sections of bead-on-plate laser welds created at 400W. 
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Figure A.24: Macrographs of transverse cross-sections of bead-on-plate laser welds created at 600W. 
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Figure A.25: Macrographs of transverse cross-sections of bead-on-plate laser welds created at 600W. 
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A.9 Thermo-Calc Predicted Phases 

 

 

 

 

Table A.4: Chemical formulas for the phases calculated by Thermo-Calc. 

Thermo-Calc Label Chemical Formula 

BCC_A2 (Cr Fe Mn Mo Ni P S Si)1 (C N O)3 

Spinal (Cr+2 Cr+3 Fe+2 Fe+3 Mn+2 Ni+2)1 (Cr+3 Fe+2 Fe+3 Mn+2 Mn+3 Mn+4 Ni+2)2 (Cr+2 Fe+2 Mn+2)2 (O
-2)4 

Sigma (Cr Fe Mn Ni)10 (Cr Mo)4 (Cr Fe Mn Mo Ni Si)16 

FCC_A1 (Cr Fe Mn Mo Ni P S Si)1 (C N O)1 

HCP_A3#2 (Cr Fe Mn Mo Ni P S Si)1 (C N O)0.5 

M3P_D0E (Cr Fe Mn Mo Ni)3 (P)1 

M23C6 (Cr Fe Mn Ni)20 (Cr Fe Mn Mo Ni)3 (C)6 

MnS (Cr Fe Mn)1 (S)1 

 


