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ABSTRACT 

Wire arc additive manufacturing (WAAM) is a technique that involves the use of a 

computer numeric-controlled (CNC) arc welding torch with an integrated wire feed to deposit 

metal one layer at a time in the fabrication of a near-net-shape part. Advantages of using WAAM 

over another additive manufacturing process include high deposition rate, large build volume, 

and reduced need for expensive equipment such as a vacuum chamber that would be used in a 

laser-based or electron beam-based process. However, little study has been performed to 

characterize the metallurgical properties of WAAM builds, particularly regarding the evolution 

of microstructure and mechanical properties along the entire build dimension with respect to 

length and width. This work characterized the microstructure, composition of alloying elements, 

and mechanical properties of ER70S6 carbon steel deposits on a layer-to-layer basis to better 

understand how the WAAM process affects the properties of the part. 

The microstructure of the build was characterized from layer to layer to determine how 

microstructural changes take place during the WAAM process. It was found that the as-solidified 

material formed a variety of ferrite microstructures, mostly acicular ferrite within large columnar 

prior austenite grains decorated with grain boundary ferrite and Widmanstätten ferrite at the prior 

austenite grain boundaries. Between subsequent passes, volumes of the prior deposit are heat 

treated by the process thermal conditions to form a heat affected zone, similar to that found in 

weldments. Irregular pockets of lath martensite and martensite-austenite-carbide (MAC) 

microconstituents were found dispersed in the HAZ along the length of the deposit and along the 

build direction. Also, in the heat affected zones, the as-deposited ferrite would be tempered into 

polygonal ferrite in the center of the build, due to the heat generated by the arc deposition.  
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The composition of alloying elements was found to increase within each layer, from 

bottom to top. With remelting of the top regions of each prior layer during the additive 

manufacturing process, the richer composition near the top of the deposit would be incorporated 

into the subsequent layer. Arc stirring and pool mixing would uniformize the composition but 

partition during solidification will again create a composition gradient in this subsequent pass. 

This process repeats throughout the entire height of the build elevating gradually, but 

continuously, the concentration of the alloying elements.  

The mechanical properties were characterized through microhardness measurements to 

examine fluctuations within the build. Hard regions of martensite were found in the reheated 

zones of the earlier passes of a build. With subsequent deposits, however, the initially formed 

hard and soft regions were tempered to result in a more homogenized ferritic microstructure with 

lower hardness. Except for the initial and end transients, the remainder of a WAAM build would 

exhibit a relatively uniform microstructure and hardness.  

  



 

v 
 

TABLE OF CONTENTS 

ABSTRACT�« ....�«�«�«�«�«�������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« iii  

TABLE OF CONTENTS ................................................................................................................ v 

LIST OF FIGURES ..................................................................................................................... viii 

LIST OF TABLES ........................................................................................................................ xii 

ACKNOWLEDGEMENTS ......................................................................................................... xiii 

CHAPTER 1: INTRODUCTION ................................................................................................... 1 

CHAPTER 2: BACKGROUND ..................................................................................................... 3 

2.1.        WAAM Processes ................................................................................................. 3 

2.2.        WAAM Compared to Other AM Processes.......................................................... 3 

2.2.1.      Deposition Rate .................................................................................................... 6 

2.2.2.      Adaptability.......................................................................................................... 6 

2.2.3.      Challenges in WAAM.......................................................................................... 6 

2.3.         Physical Properties of WAAM Builds ................................................................. 7 

2.3.1.      Anisotropy and Texture ....................................................................................... 7 

2.3.2.      Layering ............................................................................................................... 8 

2.3.3.      Vertical Gradients ................................................................................................ 8 

   Hardness Distribution .......................................................................................... 9 

   Microstructure .................................................................................................... 11 

2.5.         Heat Affected Zone ............................................................................................ 14 

2.5.1.      HAZ Softening ................................................................................................... 14 

2.5.2.      Local Brittle Zones ............................................................................................ 15 

2.5.3.      Martensite Pockets ............................................................................................. 17 

2.6.         Low Heat Input Deposition ................................................................................ 18 



 

vi 
 

2.7.         Carbon Steel ....................................................................................................... 22 

2.7.1.      Grades of Carbon Steel GMA Electrode ........................................................... 22 

2.7.2.      Overview of Carbon Steel Weld Microstructure ............................................... 23 

   Reheated Microstructure .................................................................................... 24 

CHAPTER 3: EXPERIMENTAL PROCEDURES...................................................................... 26 

3.1.         Surface Tension Transfer (STT) ........................................................................ 26 

3.2.         Filler Wire and Chemical Composition ............................................................. 28 

3.3.         Build Method ..................................................................................................... 29 

3.4.         Optical Microscopy ............................................................................................ 30 

3.5.         Scanning Electron Microscopy .......................................................................... 31 

3.6.         Microhardness .................................................................................................... 31 

3.7.         Electron Backscatter Diffraction ........................................................................ 32 

CHAPTER 4: RESULTS AND DISCUSSION ............................................................................ 34 

4.1.         Microstructural Characterization ....................................................................... 34 

4.1.1.      As-solidified Microstructure .............................................................................. 34 

   Ferrite Veining ................................................................................................... 39 

Acicular ferrite ................................................................................................... 43 

   Martensite and MAC.......................................................................................... 48 

4.1.2.      Heat Affected Zone ............................................................................................ 54 

4.1.3.      Grain size ........................................................................................................... 59 

   Columnar width ................................................................................................. 60 

   Intra-columnar ferrite grain size ........................................................................ 64 

4.2.         Chemical Analysis ............................................................................................. 65 



 

vii 
 

4.2.1.      Layer-to-layer comparison ................................................................................. 66 

4.2.2.      Dilution calculation ............................................................................................ 72 

4.3.         Mechanical Properties ........................................................................................ 75 

4.3.1.      Vickers Hardness Mapping ................................................................................ 75 

   Hard/soft regions ................................................................................................ 76 

   Martensite pockets ............................................................................................. 80 

   Microstructural and Mechanical Homogenization ............................................. 82 

4.3.2.      Expected mechanical behavior .......................................................................... 87 

CHAPTER FIVE: CONCLUSIONS ............................................................................................ 90 

CHAPTER SIX: FUTURE WORK .............................................................................................. 94 

REFERENCES ............................................................................................................................. 99 

APPENDIX A: BUILD SECTION IMAGE COLLAGES ......................................................... 105 

  



 

viii 
 

LIST OF FIGURES 

Figure 2.1:    Vickers microhardness measured at 2mm intervals over the height of a 316L 
WAAM build [18]. .................................................................................................. 10 

Figure 2.2:    Representative photomicrographs of the changing microstructure observed 
through the build height of a 2Cr13 WAAM build at a) one layer, b) five 
layers, c) 10 layers, d) 15 layers, e) 20 layers, and f) 25 layers [23]. ..................... 12 

Figure 2.3:    Representative photomacrograph of an ER70S-6 WAAM build showing a) the 
�S�H�D�U�O�L�W�H���I�H�U�U�L�W�H���³�O�R�Z�H�U �]�R�Q�H�´�����E�����W�K�H���I�H�U�U�L�W�L�F���³�P�L�G�G�O�H���]�R�Q�H�´�����D�Q�G���F�����W�K�H���E�D�L�Q�L�W�L�F��
�³�X�S�S�H�U���]�R�Q�H�´���>�����@�� ................................................................................................... 13 

Figure 2.4:    Schematic of the formation of LBZ due to ICHAZ tempering of the CGHAZ 
[27]. ......................................................................................................................... 16 

Figure 2.5:    Schematic of the pulsed current waveform for a) STT [34] b) RMD [35] and c) 
CMT [36]. ................................................................................................................ 19 

Figure 3.1:    �6�F�K�H�P�D�W�L�F���R�I���W�K�H���³�Z�D�W�H�U�I�D�O�O�´���E�X�L�O�G��method and the location of the specimen 
sections taken. ......................................................................................................... 30 

Figure  3.2:  Schematic of the hardness mapping scheme used to measure Vickers 
microhardness on the transverse build cross-sections. ............................................ 32 

Figure 4.1:    CCT diagram of a low carbon steel alloyed with Si and Mn. Alloy does not 
match ER70S-6 chemistry exactly but will indicate similar behavior [59]. ........... 37 

Figure 4.2:    Schematic of the regions sampled to illustrate the change in columnar prior 
austenite grain width between the bottom and top of the build. 
Photomicrographs of region (a) and (b) are shown in figure 4.3. ........................... 40 

Figure 4.3:    (a) Narrow columnar prior austenite grain boundaries at the bottom of the build 
near the fusion line with the substrate (b) wide columnar prior austenite grain 
boundaries at the top of the fifth layer of the build. Note that the two 
micrographs were taken at the same magnification. ............................................... 40 

Figure 4.4:    Intragranular misorientation map measured by EBSD ............................................ 42 

Figure 4.5:    High magnification SEM micrograph showing microconstituents formed 
within prior austenite grain boundaries of as-solidified material. This SEM 
micrograph is taken from the second layer of an ER70S-6 filler WAAM build 
in the as-deposited condition. .................................................................................. 44 

Figure 4.6:    Light optical micrograph of as-deposited material in layer three of Build Two. 
Sample heavily etched with the intention to illustration the demarcation of 



 

ix 
 

prior austenite grain boundaries. (Heavy etching was not intended nor suitable 
to show finer intragranular microstructural features.) ............................................. 45 

Figure 4.7:    Inverse pole figure generated by EBSD scan of acicular ferrite within a prior 
austenite grain ......................................................................................................... 46 

Figure 4.8:    Intergranular misorientation histogram generated from EBSD scan of acicular 
ferrite region ............................................................................................................ 47 

Figure 4.9:    Intergranular misorientation map generated from the EBSD scan of the 
acicular ferrite region. Grain boundaries are color-coded based on intergranular 
misorientation. ......................................................................................................... 48 

Figure 4.10:  High magnification SEM micrograph of as-deposited material showing 
selected blocky MAC grains. Notice the geometric pattern with definite facets 
exhibited by the MAC microconstituents. ............................................................... 50 

Figure 4.11:  High magnification SEM micrograph of the martensite pocket found in layer 
two of Build One. .................................................................................................... 51 

Figure 4.12:  Two-layer transverse cross-section. The pocket of lath martensite can be seen 
within the remelted region of the first layer. ........................................................... 52 

Figure 4.13:  Five-layer transverse cross-section. After several thermal cycles, the middle 
region can be seen to have recrystallized and homogenized the microstructure. 
The region captured in figure 4.14 (a) is marked as region (1) and figure 4.14 
(c) is marked as region (2). ...................................................................................... 56 

Figure 4.14:  (a) Light optical micrograph taken from region (1) in figure 4.12 of the five-
layer cross-section. (b) Magnified view of the recrystallized region showing 
retained pockets of untransformed needle-like grains. (c) Light optical 
micrograph taken from region (2) in figure 4.13. (d) magnified view of the 
recrystallized region showing pockets of untransformed needle-like grains .......... 58 

Figure 4.15:  Schematic image showing the regions sampled to measure the width of prior 
austenite columnar grains ........................................................................................ 62 

Figure 4.16:  Grain diameter histogram generated from the EBSD scan of the acicular ferrite 
region shown in figure 4.7. ...................................................................................... 64 

Figure 4.17:  Plot of concentration of Si and Mn measured by EDS spot scan of the one-
layer section of Build Two. ..................................................................................... 67 

Figure 4.18:  Plot of concentration of Si and Mn measured by EDS spot can of the two-layer 
section of Build Two. .............................................................................................. 68 



 

x 
 

Figure 4.19:  Plot of concentration of Si and Mn measured by EDS spot scan of the three-
layer section of Build Two. Silicon showed larger elemental distribution 
according to partition within each pass. Partial melting promoted the local 
maxima between passes. ......................................................................................... 68 

Figure 4.20:  Plot of concentration of Si and Mn measured by EDS spot scan of the three-
layer section of Build One, paired with photomicrograph of regions sampled. ...... 70 

Figure 4.21:  Overlayed images of layer one and layer two of build one, used to calculate 
dilution. ................................................................................................................... 72 

Figure 4.22:  Plot of calculated Si concentration (a) and Mn concentration (b) based on the 
dilution model ......................................................................................................... 74 

Figure 4.23:  Light optical micrograph of the two-layer section of Build Two paired with 
Vickers hardness map to scale. ............................................................................... 77 

Figure 4.24:  Light optical micrograph of the two-layer section of Build Two paired with 
Vickers hardness map to scale. ............................................................................... 78 

Figure 4.25:  Light optical micrograph of the four-layer section of Build Two paired with 
Vickers hardness map to scale. ............................................................................... 79 

Figure 4.26:  Light optical micrograph of the five-layer section of Build Two paired with 
Vickers hardness map to scale. ............................................................................... 80 

Figure 4.27:  Light optical micrograph of the two-layer section of Build One paired with 
Vickers hardness map to scale. ............................................................................... 81 

Figure 4.28:  Light optical micrograph of the five-layer section of Build One paired with 
Vickers hardness map to scale. ............................................................................... 83 

Figure 4.29:  Rockwell B bulk hardness measurement of the five-layer section of Build One 
showing the tempered behavior of the material. Subsurface martensite pockets 
did not alter much the bulk behavior of the material. ............................................. 84 

Figure 4.30:  Line average of Vickers microhardness of the five-layer section of Build One. .... 85 

Figure 4.31:  Plot of concentration of Si and Mn measured by EDS spot scan of the five-
layer section of Build One. ...................................................................................... 86 

Figure 6.1:    A cross-section schematic of an integrated surface finish machining process in 
WAAM [73]. ........................................................................................................... 95 

Figure 6.2:    Low-cost integration of an arc deposition module into an existing CNC milling 
machine [5]. ............................................................................................................. 96 



 

xi 
 

Figure 6.3:   Six-axis machining capabilities controlled by a robot arm after deposition [71]. ... 96 

 

  



 

xii 
 

LIST OF TABLES 

Table 3.1:     STT deposition parameters ...................................................................................... 27 

Table 3.2:     Composition requirements (in wt. %) for AWS ER70S-6 filler wire and A36 
carbon steel [46][55][56]. ........................................................................................ 28 

Table 4.1:     List of Vickers microhardness values converted to tensile strength taken from 
ASTM A370 [70]. ................................................................................................... 88 

 

  



 

xiii 
 

ACKNOWLEDGEMENTS 

This work would not have been possible without the Industry-University Cooperative 

Research Center (I/UCRC) of the National Science Foundation (NSF), specifically as part of the 

Manufacturing and Materials Joining Innovation Center (Ma2JIC). Partnership with Los Alamos 

National Lab and Dr. Daniel Javernick and Matt Johnson have been invaluable for supporting 

this work.  

I would like to thank my advisor, Dr. Stephen Liu, for giving me the opportunity to 

further my study in the Center for Welding Joining and Coating Research (CWJCR) here at 

Colorado School of Mines. I am truly lucky to have received guidance and support from a world-

renowned expert in the field of welding and joining, especially during a trying time in my 

personal health. I would also like to thank Dr. Zhenzhen Yu for her leadership of our research 

group. I would not be where I am today if not for my former student mentors, Dr. Cheryl Hawk, 

Dr. Devon Gonzales, and Drew White, and my colleagues who have provided much assistance: 

Ethan Sullivan, Ben Schneiderman, and the rest of my CWJCR colleagues. And my inspiration, 

Cid Garlond. 

Finally, I would like to thank the love of my life and the best teammate I ever could have 

asked for, my fiancée Regan, for her unconditional love and patience.  

 



 

1 
 

 

CHAPTER 1: INTRODUCTION 

Additive manufacturing (AM) is an emerging technology that has seen much 

development in the last several years. Though the concept of layer-wise construction of a 

component can trace its roots to the late 19th century in the construction of topographical maps 

and photosculptures, AM has seen significant advancements in the last decade [1]. A wide range 

of materials can now be used in additive manufacturing including polymers, ceramics, 

composites, biomaterials, and metals, filling manufacturing needs in a wide range of sectors.  

Many industries have seen a push toward lightweighting of their manufactured products 

including aerospace and automotive, especially to achieve greater fuel efficiency [2]. To that 

end, generative design has been employed to design more lightweight, organically-shaped parts 

[3][4]. Additive manufacturing has played a key role in achieving these goals with the capability 

to manufacture geometries impossible or too costly to achieve with conventional subtractive 

processes. In addition, AM does not generate waste in the way conventional subtractive 

processes do, such as chips generated during machining. The buy-to-fly ratio of AM parts cannot 

be matched by conventionally manufacturing processes. 

Many AM methods exist to create components from metal using a variety of energy 

sources including lasers, electron beam, and plasma. Wire arc additive manufacturing (WAAM) 

employs an arc welding torch controlled by some manner of computer numeric control (CNC) 

device such as a robot arm or 3-axis system. WAAM presents several benefits including a high 

deposition rate and large build volume relative to laser/electron beam based processes. 
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The goal of this research is to characterize the properties of low carbon steel AM deposits 

using AWS ER70S-6 AM wires and low heat input GMA deposition. Layer-to-layer analysis 

was performed on the microstructural, chemical, and mechanical properties of the builds. The 

microstructural make-up and heterogeneity were characterized along with changes as subsequent 

layers were added to the build. The concentration of alloying elements was also characterized 

layer to layer using Energy Dispersive Spectroscopy. The mechanical properties of the build 

were characterized by analyzing the microhardness mapped throughout the build.  
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CHAPTER 2: BACKGROUND 

2.1. WAAM Processes 

Wire arc additive manufacturing (WAAM) is performed using an arc welding torch to 

deposit layers of metal in the building of three-dimensional objects according to predetermined 

geometry and dimensions. The torch is often either a gas metal arc (GMA) welding torch or a gas 

tungsten arc (GTA) welding torch with an integrated wire feed [5]. Thus, the WAAM build is 

constructed entirely of welding filler metal. Other arc-based processes have also been used such 

as plasma arc welding [6]. In theory, any arc-based welding process that employs an automated 

wire feed could be adapted to create WAAM builds. The build process is usually controlled by a 

CNC robot arm to plot each deposition layer path although nearly any CNC equipment can be 

adapted to perform WAAM [7]. This versatility makes WAAM a desirable process for several 

reasons, including the low capital cost of purchasing or adapting equipment readily available in 

industry to perform WAAM builds. Other arc welding processes, even though less explored, can 

also be considered for use in AM processing. Furthermore, for certain manufacturing needs, 

WAAM presents several advantages over other AM processes. A comparison between WAAM 

and other AM processes is presented in the following. 

2.2. WAAM Compared to Other AM Processes 

When performing AM, there are several techniques to choose from. In direct metal 

deposition (DMD), an energy source, usually a laser, is used to melt metal powder that is 

injected directly into the focal zone of a laser and melted by the beam [8]. The material then re-

solidifies as the laser melt pool continues to move, tracing a predesigned path guided by a CNC 
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system. One of the advantages of DMD is the capability to grade the composition of a part 

during the build by adjusting the powder feeders that act as the source of the powder injection. 

One of the main challenges of powder injection or powder bed process is the availability 

of the powder material. Powder atomization regarding purity or specific alloy compositions, 

residual elements pickup, particle size and size distribution, packaging and transport of the 

powders, and flow and melt characteristics of the powders are all critical in the production of 

powders for AM. To-date, only a limited number of alloys are available from the suppliers and at 

very high cost. 

Furthermore, DMD requires atmospheric control to prevent oxidation and the formation 

of impurities during deposition. The requirement for careful atmospheric control leads to 

restrictions in build volume bounded by the size of the cabinet that contains the build area. It also 

requires sensing and control of the build atmosphere. In addition, lasers require delicate 

maintenance, and stray laser lights present a hazard to human operators. 

Another AM process that has seen development is electron beam freeform fabrication 

(EBF3) and the related electron beam melting (EBM). This process uses an electron beam as the 

heat source to melt material in a layer-by-layer fashion. In EBF3, a wire feed is used to feed 

material into the electron beam which is then melted and re-solidified as the melt pool continues 

to trace that layer [9]. In EBM, a powder bed is formed by a rake that forms a layer of powder 

several particles deep fed from a cassette [10]. The powder in the powder bed is then selectively 

melted by the electron beam that traces the layer pattern on the powder material. Following 

solidification of that layer, the rake will pull another layer of powder over the build and repeat 

the process to construct the part.  
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In both electron beam processes; the build must be performed in a vacuum chamber in 

order to safely and effectively use the electron gun. Furthermore, electron beam instruments are 

delicate and require a vacuum chamber, specialized operating procedures, parts and maintenance. 

Similar to DMD, the size of the chamber is a limiting factor on the possible build volume for 

these processes. Some electron beam-based processes are equipped with large build chambers. 

However, the requirement for a vacuum environment remains. Thus, large build chambers for 

electron beam-based processes, such as EBF3, can take considerable time and maintenance 

between runs to operate. These specific requirements reduce the possible throughput of these 

processes and increase the cost of operation regarding build time, the capital costs of additional 

equipment, and equipment maintenance. In EBM, however, the necessity for a large powder bed 

to accommodate larger build volumes becomes a limiting factor on the size of build that can be 

made. 

Laser heat sources are common in AM and have seen studies on a wide range of alloys. 

Selective laser melting (SLM) and selective laser sintering (SLS) are both laser processes similar 

to EBM. In this case, a powder bed is used much in the same fashion to create layers of powder 

that are selectively traced with the laser heat source. In SLM, the powder is fully melted with the 

formation of a melt pool and re-solidified. In contrast, SLS does not involve the full melting of 

the powder material but provides enough heat input to sinter the powder particles [11].  

Often, parts manufactured by laser powder bed processes are porous and require post-

build treatment such as hot isostatic pressing for their densification.  

In light of the drawbacks of each process, a need arises for a technique that can 

manufacture large volume parts quickly and cheaply. WAAM fills many of these needs, being 
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inexpensive, easily adaptable, and boasting deposition rates an order of magnitude higher than 

many other processes.  

2.2.1. Deposition Rate 

Steel WAAM has been shown to achieve deposition rates of 4 kg/h and aluminum WAAM 

has achieved rates of 1 kg/h [7]. These deposition rates can be pushed even further, reaching up 

to 10 kg/h though the quality of the part is degraded when deposition occurs too rapidly. These 

deposition rates are in contrast to those achieved in powder-based processes of 0.1-0.6 kg/h. 

Combined with the larger build volume possible, WAAM is uniquely suited to manufacture large 

parts in near net shape not possible with powder-based processes.  

2.2.2. Adaptability 

Williams et al. have proposed that the base capital cost of purchasing GMAW 

manufacturing equipment to perform WAAM builds is approximately 115,000 US dollars. If a 

company already has a GMAW power source or a CNC system, this cost will be even less. 

Furthermore, having no restriction to a specified build volume, the theoretical limit of the size of 

the part is determined solely by the range of the CNC system. The process can also be modified 

as needed for individual manufacturing projects. Material is also readily available as welding 

consumables are relatively inexpensive compared to metal powder. Wire feedstock can also be 

easily switched for projects that require different alloys or material systems; switching between 

steel, aluminum, and potentially titanium with relative simplicity.  

2.2.3. Challenges in WAAM 

Since WAAM is based on arc welding processes, it presents a number of challenges. 

Foremost, in the manufacture of large parts, residual stress caused by the high cooling rate can 
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manifest as a distortion of the part. Shrinkage along the build direction is common due to 

residual stress development during the cooling of the deposit, leading to poor dimensional 

tolerances [12]. Furthermore, the mechanical properties of WAAM parts continue to be inferior 

to those of wrought material. The inferior mechanical properties can be caused by unfavorable 

microstructure formation or the formation of pores [13]. Additionally, mechanical anisotropy, 

common in many AM processes, remains an undesirable characteristic of WAAM aluminum and 

titanium builds due to elongated grain growth aligned with the building direction [14].  

2.3. Physical Properties of WAAM Builds 

2.3.1. Anisotropy and Texture 

One of the most ubiquitous problems in AM is anisotropic mechanical properties that 

crosscut many processes including WAAM, SLM, and EBM. It has been observed especially in 

aluminum and titanium alloys manufactured by WAAM that mechanical anisotropy results in 

terms of yield strength and tensile strength when tensile tests are performed vertically or 

transverse to the building direction [13], [15]. Zhang et al. found that in aluminum alloys, the 

anisotropic percentage, determined by the percent difference in tensile strengths measured in 

samples extracted in the longitudinal and transverse directions, can reach nearly 30% [16]. This 

phenomenon is most potent in alloys that exhibit strong preferred crystallographic orientations 

and a strong tendency of epitaxial growth. Titanium displays this behavior the most among 

common structural materials �Z�L�W�K���W�K�H���S�U�H�I�H�U�H�Q�W�L�D�O���J�U�R�Z�W�K���R�I�������J�U�D�L�Q�V���D�O�R�Q�J���W�K�H���Ã�r�r�s�Ä direction 

during solidification [14], [17]. While aluminum and steel have not been observed to exhibit the 

dramatic epitaxial growth found in titanium, it has been found that crystallographic texturing 

continues to occur in aluminum builds, even when process parameters are optimized to promote 

equiaxed growth during solidification of the deposit so as to lessen the occurrence of columnar 
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grains [16]. It has also been found that 316L austenitic stainless steel can exhibit heavily textured 

structure and columnar grains as well, with a strong preference for the �Ã�r�r�s�Ä and �Ã�s�r�s�Ä 

directions [18]. Conversely, mild steels exhibit very little mechanical anisotropy in terms of yield 

strength and tensile strength [10], [19]. 

2.3.2. Layering  

As a consequence of layer by layer construction of AM builds, the distinct layered regions 

persist through the build height. This layering characteristic is especially prominent in WAAM 

compared to a powder bed process where the layers are only a few particles thick, resulting in 

layers on the order of 100 microns [10]. These distinct regions are clearly visible in builds made 

using WAAM processes in most alloy systems. One exception would be the highly epitaxial 

regions in titanium when grains can be seen growing across subsequent layers as previously 

discussed [14]. The distinct layered regions are often separated by a band of finer, more equiaxed 

grains that interrupt the elongated columnar grains that are commonly observed during 

solidification of the melt pool [16][20]. These layered regions can lead to local heterogeneity of 

the microstructure and mechanical properties of a build. A more heterogeneous microstructure 

would mitigate some of the anisotropy of the bulk mechanical properties by breaking down the 

directional grain structure. A more heterogeneous microstructure would, however, create 

localized variations in properties, e.g. regions of low toughness that exhibit early mechanical 

failure.  

2.3.3. Vertical Gradients 

Microstructure and mechanical properties are observed to vary in the build direction. Some 

literature findings will be reported in the following sections. 
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 Hardness Distribution 

It has been found in multiple studies that the hardness of a WAAM build is not uniform 

through the height of the build [15][21]. Zhao et al. has found that in aluminum, the 

microhardness increased slightly over a height of 100 mm in builds of 2XXX and 5XXX series 

alloys [15]. While the researchers claim no observed differences in microhardness or grain size, 

the 2XXX series alloy studied exhibited a continuous, monotonic increase in hardness over the 

build height. Fluctuations in measured hardness every 10 mm are attributed to the location of the 

hardness indent in a reheated zone from the subsequent deposition layer. Since there are several 

overlapping reheated zones in a WAAM build, the hardness indentations at the 10 mm intervals 

along the build height would be expected to fall on regions of varying thermal histories. As such, 

it is important to characterize the location in which a hardness measurement is made. This 

scheme will provide more information about the region of the build that is sampled. In contrast, 

Wang et al. found that the microhardness of 316L austenitic stainless steel decreased over the 

length of a 50mm build height [18]. The researchers claim the decrease in hardness is a result of 

grain size change according to the Hall-Petch relationship since the grains at the top of the build 

are larger than those in the first layer. The researchers attribute the larger grains at the top of the 

wall to poor heat extraction compared to deposits close to the base plate. In that experiment, the 

hardness was measured at 2mm intervals due to the large build size, and the data is shown in 

figure 2.1.  
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Figure 2.1: Vickers microhardness measured at 2mm intervals over the height of a 316L WAAM 
build [18]. 

 

While this trend gives some insight into the bulk behavior of the part as a whole, it does not 

present any insight into hardness fluctuations that are observed from layer to layer and where 

each hardness indent was placed. Data scatter is common in any experimental measurement, but 

the presence of HAZ in each layer confounds some of the fluctuations observed in the hardness 

plots. Prado-Cerqueira et al. has performed Brinell bulk hardness measurements on WAAM 

builds made using an AWS ER70S-6 filler metal [21]. The results presented a great deal of 

fluctuation and very little consistency regarding a clear trend. The authors made only five indents 

along the direction of builds that ranged from 20.2-41.2 mm in order to estimate the mechanical 

properties of the builds. As such, no special attention was paid regarding the location or region of 

the build at which the hardness indentations were placed. It becomes clear that a more detailed 

examination of the microhardness of a build will be beneficial to understanding the mechanical 

behavior throughout the build height, within the different regions of the deposit layers in the 

build.  
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It is also interesting to note that the hardness curve began to flatten, almost plateauing 

after 20 mm. This observation seems to corroborate some of the findings of this work and will be 

discussed further along the development of this thesis. 

 Microstructure 

Related to the hardness gradients observed in WAAM builds, the microstructure has also 

been seen to change from lower layers to upper layers [22][23]. It has been shown extensively 

that due to the strong crystallographic texturing �L�Q���W�L�W�D�Q�L�X�P���D�O�O�R�\�V�����S�U�H�I�H�U�H�Q�W�L�D�O���J�U�R�Z�W�K���R�I�������J�U�D�L�Q�V��

leads to significant epitaxy and large columnar grains [14]. However, this epitaxial region is 

observed in the middle section of the build height. At the top of the build, i.e. the last layers to be 

deposited, as well as the bottom of the build, near the substrate, titanium builds exhibit zones of 

equiaxed grains [17]. This tendency to develop different microstructures in different regions of a 

build is also observed in multiple steel alloys. It was found that in 2Cr13 steel, the amount of 

ferrite and martensite varied over the height of the build [23]. Similar to titanium builds, the top 

and bottom layer exhibited very similar microstructural makeup composed of ferrite, martensite, 

and M23C6 carbide. Moving up the build, away from the first layer, the amount of martensite was 

found to decrease as the amount of ferrite increased until near the middle of the build. Moving 

from near the middle toward the top, the amount of martensite increased while the amount of 

ferrite decreased until reaching the top layer. Representative photomicrographs of the change in 

microstructure through the height of the build can be seen in figure 2.2.  
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Figure 2.2: Representative photomicrographs of the changing microstructure observed through 
the build height of a 2Cr13 WAAM build at a) one layer, b) five layers, c) 10 layers, d) 15 layers, 
e) 20 layers, and f) 25 layers [23]. 

 

Liberini et al performed an investigation on builds using ER70S-6 filler, which is the 

alloy selected for this work and found a slightly different behavior in the microstructure 

compared to the 2Cr13 steel studied by Ge et al. They found that the lower region of the build, 

near the base plate, exhibited a ferrite and pearlite microstructure while no pearlite was found in 
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the middle of the build. Near the top of the build, the microstructure exhibited bainite which was 

not found elsewhere in the build [22]. These different microstructures can be seen in figure 2.3. 

 
Figure 2.3: Representative photomacrograph of an ER70S-6 WAAM build showing a) the 
�S�H�D�U�O�L�W�H���I�H�U�U�L�W�H���³�O�R�Z�H�U���]�R�Q�H�´�����E�����W�K�H���I�H�U�U�L�W�L�F���³�P�L�G�G�O�H���]�R�Q�H�´�����D�Q�G���F�����W�K�H���E�D�L�Q�L�W�L�F���³�X�S�S�H�U���]�R�Q�H�´��[22]. 

 

These observations illustrate the need for a careful analysis of the microstructure in different 

regions of the build as several different microstructural zones may be present depending on the 

alloy and process conditions.  

 

 

Ferrite 

Ferrite 

Pearlite 

Bainite 
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2.5. Heat Affected Zone 

The formation of a heat affected zone is a well-documented phenomenon in arc welding. 

Since WAAM builds are essentially layers and layers of arc weld deposits overlapping each 

other, it then stands to reason that WAAM builds would experience the formation of multiple 

heat affected zones when each deposit is made. The repeated thermal cycling that occurs in the 

HAZ can cause several microstructural and mechanical changes as the build progresses. 

2.5.1. HAZ Softening 

When a weld or a WAAM deposit is made, a thermal profile develops around the heat 

source, in this case, the electric arc. This thermal profile is governed by the heat transfer from the 

heat source into and through the material being welded. Since the temperature at the weld pool is 

above the melting temperature of the material, the HAZ will experience a temperature gradient 

that encompasses everything from near melting to negligibly elevated temperatures. With the 

evolution of the thermal cycles with each of the deposits laid, the metal in the HAZ will 

experience transformations based on the temperatures experienced in each region. It has been 

observed in carbon steels that the HAZ will exhibit softened regions due to the elevated 

temperatures [24]. Indeed, the measured hardness across the HAZ will often fluctuate, 

sometimes exhibiting more than one softened region [25]. It seems logical then, in a WAAM 

build, that several heat affected zones will be formed after several layers are deposited. As such, 

it would be expected that repeated thermal cycles would lead to variations in the hardness profile 

of a build in both longitudinal and transverse cross-sections. 
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2.5.2. Local Brittle Zones 

Local brittle zones (LBZ) form as a result of the thermal cycle experienced by material 

adjacent to the weld deposit. Local brittle zones encompass multiple regions of the HAZ, 

especially including the coarse grain HAZ (CGHAZ) and intercritical HAZ (ICHAZ).  

The CGHAZ forms in the region in the base substrate directly bordering the weld metal, 

separated by the fusion line. The highest temperatures in a structural steel HAZ are experienced 

in the coarse-grained region, reaching much above Ac3. As a result of the high temperature 

experienced in this region, the austenite grains grow significantly, thus being designated CGHAZ 

based on this characteristic of easily identifiable coarse grains. Due to the transient nature of the 

heating experienced in this region in combination with the larger grain size from high-

temperature grain growth, the CGHAZ has the greatest propensity to form martensite on cooling. 

It is often observed that the CGHAZ will contain a significant volume fraction of martensite, 

sometimes called martensite islands [26]. In addition to the martensite formed in the CGHAZ, 

the large grain size also reduces toughness due to quick crack propagation through the relatively 

few grain boundaries.  

Another important microstructural region of an LBZ is the ICHAZ, which is the region of 

the HAZ that reaches the intercritical temperature in steel, the two-phase region of ferrite and 

austenite between Ac1 and Ac3. LBZs form when the CGHAZ of a previous deposit is tempered 

by the ICHAZ of a subsequent deposit. A schematic of this phenomenon is shown in figure 2.4. 
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Figure 2.4: Schematic of the formation of LBZ due to ICHAZ tempering of the CGHAZ [27].  

  

Sridharan et al. have observed that WAAM builds of carbon steel exhibit high scatter in 

toughness in the ICHAZ, a phenomenon often observed in high strength low alloyed steels [24]. 

It has been found through fractography of carbon steel WAAM specimens that the degraded 

toughness can be attributed to the martensitic transformation product similar to what is seen in 

the CGHAZ. It has been observed that the transformation from austenite to the martensite-

retained austenite-carbide (MAC) microconstituent creates localized stresses often specifically 

localized at the ferrite grain boundaries. These stresses are due to the shear nature of the 

austenite to MAC transformation. The result is a propensity to cause microcracking as 

decohesion may occur between the MAC and the ferrite matrix. TEM analysis has indicated that 

twinned martensite formation resulting from displacive transformations from the austenite 

formed in the intercritically-tempered CGHAZ region [28]. This behavior will be relevant to this 

work since the repeated deposition of layers will lead to the repeated tempering of the build. It 

would then be expected that LBZs will form when previously tempered regions that have been 

subjected to a CGHAZ thermal cycle are subject to a ICHAZ by another deposition. 

LBZ LBZ LBZ 
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The FGHAZ lies between the CGHAZ and ICHAZ, i.e. further away from the fusion line 

such that the highest temperature experienced is lower than that in the CGHAZ. The lower 

temperatures reached are not sufficient to cause grain growth to the extent seen in the CGHAZ. 

As a result, the propensity to form martensite is reduced due to the constraint of relatively 

smaller grains. FGHAZ will exhibit better impact toughness than CGHAZ. As FGHAZ does not 

negatively impact the mechanical properties of a build, it will not be further discussed in this 

work. 

2.5.3. Martensite Pockets 

It has been observed by Babu and Bhadeshia that displacive transformations can lead to the 

formation of martensite and bainite in these systems depending on the thermal cycle the material 

experiences [29]. While the mechanisms by which bainite transformation occur has been a topic 

of some controversy, it seems that in the case of weld metal deposition, this is a suitable 

explanation given the process conditions. TEM analysis has shown that low carbon steel alloys 

such as ER70S-6 tend to form small islands of martensite, bainite, and the MAC 

microconstituent. These regions tend to form areas of high localized strain and provide a path for 

cracks to travel between them on fracture [26]. Considering the two-dimensional heat flow of an 

AM wall compared to the typical three-dimensional heat flow in a weld, the thermal profile in 

the HAZ may be expected to lend itself to displacive transformations such as the formation of 

bainite and martensite [29] [30]. These reactions will most likely take place in the higher 

temperature regions where carbon is expected to partition into the austenite formed in the 

CGHAZ, FGHAZ, and a small amount in the ICHAZ.  
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2.6. Low Heat Input Deposition 

Low heat input GMA deposition in WAAM has shown to be a desirable option for a 

variety of reasons. It has been found that low heat input, complex welding current waveform, 

pulse GMAW can decrease the porosity and improve the mechanical properties of WAAM 

builds [13][16]. Much of the arc physics study in pulsed GMAW has focused on the spray metal 

transfer mode, but discussion of the electromagnetic principles will be informative in this work.   

It has been found by Ghosh et al. that there are a few concerns regarding the arc physics 

when attempting to drive the heat input as low as possible. It has been found that when reducing 

the current, that arc stability may be compromised, and the shielding jacket is increasingly 

unstable during the pulse-off period of the waveform [31]. Reducing arc current would then lead 

to exposure of the melt pool upon the collapse of the shielding jacket, leading to contamination 

of varying severity based on the alloy being deposited. Further study by Ghosh et al. indicates 

that the welding current must be maintained to adequate levels to maintain arc stiffness, which is 

a measure of how resistant the arc is to deflect from the axis of the electrode [32]. This 

maintenance of the current deals with several factors but most notably the ratio of background 

current to peak current. As such, the background current needs to maintain a sufficient baseline 

to keep the arc stable while the peak current of the pulse must not be excessively large.  

It has also been found that among several different manufacturers, each using proprietary 

technology to generate specific pulse waveforms, measured heat input can vary by up to 17% 

[33]. There are several different pulse GMAW systems on the market including Regulated Metal 

Deposition (RMD) by Miller Electric Company, Cold Metal Transfer (CMT) by Fronius 

International, and Surface Tension Transfer (STT) by Lincoln Electric Company. The schematics 

of each method are shown in figure 2.5. 
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Figure 2.5: Schematic of the pulsed current waveform for a) STT [34] b) RMD [35] and c) CMT 
[36].  

 
While much of the studies regarding cutting edge advances in WAAM is centered on CMT, STT 

presents an easy path to upgrade for many firms looking to leverage the open and adaptable 

nature of WAAM based on their current resources without much capital investment [7]. STT is 

the process selected for this work for this reason. 

Regarding the process variables and their effect on the properties of depositions, much 

study has been done to draw connections between the two. It has been observed that increasing 

wire feed speed will increase heat input when the current is held constant [33]. It was also found 
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that under these circumstances, dilution of the base metal was also increased [37]. Since both of 

these properties should be kept to a minimum in WAAM to maximize the building up of each 

layer of metal rather than penetrating into the substrate or joint surface, wire feed speed will need 

to be controlled. It was further found that increasing the pulse frequency will result in a narrower 

weld [38]. While deposition current and wire feed rate can vary, when making a WAAM build, it 

would most often be desirable to deposit a bead of significant size in order to leverage one of the 

main advantages of WAAM of fast build rate. However, when making a thin section, it could be 

beneficial to control the pulse frequency along with wire feed speed in order to exert some 

control over the deposition width [39].  

In regard to the effect of pulsed waveform arc welding on the properties of the weld 

metal, the relationships between the current waveform and the properties of the weld have been 

�V�W�X�G�L�H�G�����7�R���F�K�D�U�D�F�W�H�U�L�]�H���W�K�H���S�D�U�D�P�H�W�H�U�V���R�I���D���S�X�O�V�H�G���F�X�U�U�H�Q�W���Z�D�Y�H�I�R�U�P�����W�K�H���I�D�F�W�R�U���3���L�V���X�V�H�G���Z�K�H�U�H��

�î 
L 
l�+�Õ �+�ã
X 
p�B �® �P�Õ. Ib is the background current, Ip is the peak current, f is the pulse frequency, 

and tb is the pulse-off time [31]. �,�W���K�D�V���E�H�H�Q���I�R�X�Q�G���W�K�D�W���Z�K�H�Q���3���L�V���K�H�O�G���F�R�Q�V�W�D�Q�W���E�X�W���W�K�H���S�H�D�N���D�Q�G��

background current levels are adjusted, the size of the HAZ does not seem to change in any 

significant way [40]. This behavior is likely because the average heat input over one period of 

the pulsed waveform does not change significantly. The work done by Ghosh et al. found that 

�G�H�F�U�H�D�V�L�Q�J���3���U�H�I�L�Q�H�G���W�K�H���+�$�=���W�K�U�R�X�J�K���O�R�Z�H�U�L�Q�J���W�K�H���K�H�D�W���L�Q�S�X�W�����%�X�W���W�K�H���Y�D�U�\�L�Q�J���R�I���Whe peak and 

background current parameters within a cons�W�D�Q�W���Y�D�O�X�H���R�I���3���G�L�G���Q�R�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���D�I�I�H�F�W���W�K�H���V�L�]�H��

of the HAZ.  It has also been found that pulsed waveform arc welding results in a reduced 

amount of residual stress in the weld [41]. However, this observation was made in autogenous 

welding. The researchers attributed the reduction of residual stress to the higher frequency pulsed 

current which increased the energy density, directing more heat into the penetration of the weld 
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and less laterally into the plate. That model, however, does not correspond to the heat flow 

conditions in a WAAM wall. Since there is very little lateral heat flow, i.e. convective heat flow 

to the surrounding medium, the residual stress effect may not manifest if the proposed 

mechanism is true. However, if the decreased heat input from pulsed current deposition is able to 

reduce residual stress, it would be highly desirable as residual stress and the accompanying 

distortion are among the biggest flaws in WAAM. Pal and Pal have found that pulsed waveform 

GMAW leads to refinement of the grains in the fusion zone of the weld, important for increasing 

strength and disrupting columnar grain growth [42]. Finally, it has been observed that with lower 

heat input, more nonmetallic inclusions will form. Sen et al. found that the lower heat input in 

pulsed waveform GMAW resulted in an increase in nonmetallic inclusions in low carbon steel 

which acted as nucleation sites for the formation of acicular ferrite [43]. The nonmetallic 

inclusions essential to forming acicular ferrite include titanium-rich oxides and nitrides, galaxite 

(Al 2O3�‡�0�Q�2�� [44][45]. It was further observed in the same work that the microstructure in the 

coarse grain heat affected zone (CGHAZ) was finer when compared to conventional GMAW 

using similar process parameters due to the lower heat input [43]. According to Sen et al. the 

same low heat input deposition process parameters that resulted in a greater volume fraction of 

acicular ferrite also resulted in a finer CGHAZ. These properties are all attractive for WAAM of 

mild steel since as previously discussed, the thermal cycling resulting from the HAZ of each new 

layer deposited can cause a complicated thermal history as well as microstructural and 

mechanical heterogeneity in the build. 
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2.7. Carbon Steel  

2.7.1. Grades of Carbon Steel GMA Electrode 

Mild steels are simple ferrous alloys with few alloying elements. The only significant 

additions, other than the carbon necessary to be considered a steel, are usually manganese and 

silicon to act as deoxidizers, removing undesirable residual elements out of the molten steel, 

especially oxygen. The main difference between grades of carbon steel electrodes is the amount 

of deoxidizers contained in the wire and which deoxidizers are included. The ER70S-X group of 

electrodes exhibits a relatively small range of carbon concentration, typically between 0.07 and 

0.15 wt%. The AWS ER70S-3 electrode is the most widely used in mild steel welding, 

containing commonly 1.1 wt% Mn and 0.55 wt% Si and a slightly adjusted lower range of 0.06 

to 0.15 wt% C. This grade is the lowest cost but also contains the lowest amount of deoxidizers 

so joint surface preparation is key. Other grades have additions of aluminum (ER70S-5) and 

others containing small amounts of titanium and zirconium (ER70S-2) [46]. ER70S-6 electrode 

contains high amounts of deoxidizers relative to the other grades with 1.7 wt% Mn and 0.9 wt% 

Si, carbon will typically remain between 0.07 to 0.15 wt% C, which renders it capable of 

handling most any industrial application calling for carbon steel filler wire and also make it a 

good fit for automated high-speed welding as well [46].  

The wire used in this study was ER70S-6 for the following reasons. First, the good 

weldability and versatility of welding applications ensure that cracking will not hinder the ability 

to make AM builds. Furthermore, the high levels of silicon relative to other grades make ER70S-

6 attractive for making depositions in WAAM processes. Ahsan et al. found in a study of 

WAAM using CMT deposition, the high silicon content increases the surface tension of the 

molten weld pool while the deposit is being made [47]. The increased silicon content increased 
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the Marangoni force pulling toward the centerline of the weld, causing the fluid flow within the 

melt pool to flow inward rather than outward. In an unsupported wall build, this molten metal 

flow characteristic is very attractive to mitigate spilling or slumping of the deposit that would 

occur as a result of excessive flowability while the deposit is being made. The higher amount of 

deoxidizers in the electrode is attractive to forming oxide inclusions which are well documented 

in promoting the formation of acicular ferrite [43][48][49]. 

2.7.2. Overview of Carbon Steel Weld Microstructure 

Using the long-established literature on the welding of carbon steels, a basis can be formed 

for the expected microstructure of carbon steel WAAM builds. The final solidification 

microstructure contains several constituents of varying morphologies, most commonly: grain 

boundary ferrite, polygonal ferrite, Widmanstätten ferrite, acicular ferrite, upper bainite, lower 

bainite, and martensite. Indeed, all of these have been seen in the literature regarding carbon steel 

WAAM as well, including the blocky martensite-austenite constituent (MA) and even some 

small fractions of pearlite [22][24][50]. Pearlite is typically not seen in carbon steel weld metal 

due to the fast cooling rates.  

Since carbon steel has little alloy modification, it seems likely to follow the conventional 

�Ü �\ �Û �\ �Ù solidification behavior, however, it has been found that under WAAM conditions, 

the weld will solidify directly to austenite [51]. Following solidification, the austenite will 

transform to ferrite as the temperature crosses below Ac3. Austenite-to-ferrite transformation 

occurs initially at grain boundaries and corners to form grain boundary ferrite as these sites 

provide the lowest energy barrier to nucleation [52]. This more polygonal ferrite is also 

promoted somewhat by the amount of silicon in the material [53]. Following the formation of the 

grain boundary ferrite, continued growth occurs by the ledge mechanism. As a result, 
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Widmanstätten ferrite forms, growing into the austenite grain following the Kurdjumov-Sachs 

orientation relationship. These are saw-tooth like ferrite laths growing out of the austenite-ferrite 

interface. Near the same time that Widmanstätten ferrite is forming, intragranularly nucleated 

ferrite also begins to form.  

There are multiple proposed mechanisms for the nucleation of acicular ferrite, and all rely 

on the presence of nonmetallic inclusions to act as a nucleation site. It has been found in multiple 

studies that the optimal size of nonmetallic inclusions for acicular ferrite formation is between 

0.2 µm and 0.6 µm [43][49]. The simplest is that the nonmetallic inclusions act as inert 

heterogeneous nucleation sites by lowering the energy barrier for nucleation. It is also proposed 

that the inclusions deplete the concentration of alloying elements locally, resulting in ferrite 

nucleation as well as a mechanism where thermal strains develop due to a mismatch in the 

thermal expansion coefficient between the inclusion and the austenite matrix, leading to the 

nucleation of acicular ferrite [48]. The specific mechanism of acicular ferrite formation and 

growth has been the topic of some controversy for many years. Some researchers propose that 

acicular ferrite is, in fact, merely intragranularly nucleated bainite while others say that growth of 

the acicular ferrite laths is a ledgewise process like Widmanstätten ferrite [48][49]. Regardless of 

the mechanism, it is well known that nonmetallic inclusions in the form of titanium-bearing 

compounds (TiO, TiN), and galaxite (Al2O3�‡�0�Q�2�����D�U�H���N�H�\���L�Q���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���D�F�L�F�X�O�D�U���I�H�U�U�L�W�H����

and without them, the formation of acicular ferrite can be almost completely suppressed in favor 

or Widmanstätten ferrite and bainite [44][45].  

 Reheated Microstructure 

When a second deposit is made over an existing layer, the HAZ extends into the 

previously deposited metal. The deposition of several layers leads to a very complicated thermal 
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history with many regions undergoing several thermal cycles of varying intensity. It has been 

found across many studies that the final microstructure in the bulk of a build depends greatly on 

the build method and resulting thermal history experienced in each build [17][22][23]. One study 

found that after extensive reheating, the lower region of the build contained pearlite not 

commonly seen in carbon steel weld metal while the middle regions contained almost entirely 

polygonal ferrite [50]. Others have found that the Widmanstätten and acicular ferrite from initial 

solidification remained, but that MA was formed in the ICHAZ, greatly reducing toughness 

[24][30]. The HAZ is a complicated aspect of WAAM builds and can lead to a variety of 

microstructures after several thermal cycles. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 

This chapter provides a description of materials, parameters, and techniques used in the 

manufacture and characterization of the WAAM builds used in this study. This work involved 

the manufacturing of WAAM builds using low heat input STT deposition and the development 

of a characterization methodology as follows. The characterization methodology involved the 

examination of three main properties of the builds: microstructural makeup, chemical 

composition related to alloying elements, and mechanical properties characterized through 

hardness. This characterization methodology was applied layer by layer to each of the builds. 

3.1. Surface Tension Transfer (STT) 

The builds were performed using a Lincoln Powerwave S500 source with an STT module. 

The Lincoln STT Application Guide lists parameters for welding applications where penetration 

is desirable; heat input is much less considered. As such, the peak current was reduced to 44% of 

the suggested value. The background current, however, was raised by 10 Amperes in order to 

maintain consistent metal transfer into the melt pool. These changes were made from the 

Application Guide in order to achieve a bead morphology more desirable for AM rather than 

joining. In joining, it is desirable to have good weld penetration and avoid excessive overfill 

whereas AM requires the build-up of deposited material to form the layer and avoid excessive 

remelting of the previous layers. Wire feed speed was kept to a minimal level of 115 in/min in 

order to keep the heat input low [39]. Travel speed was chosen as 20 in/min to strike a balance 

between speed of production and integrity of the build. While it is desirable from a 

manufacturing point of view to maximize the deposition rate, excessive travel speed can degrade 

the quality of the deposit [7]. Table 3.1 lists the parameters selected for this work.  
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Table 3.1: STT deposition parameters 

Peak Current 160 A 

Background Current 80 A 

Wire Feed Speed 115 ipm 

Travel Speed 20 ipm 

Contact-Tip-to-Work 

Distance 

1/8 inch 

Tailout Off 

Interpass Temperature < 100 °C 

Tailout, an optional setting that gradually reduces the current at the end of a current pulse 

cycle, was not used. The purpose of tailout is to keep the heat input elevated for applications 

where consistent heating is necessary for the mechanical integrity of the weld. But the use of 

tailout would run counter to the objective of keeping the heat input as low as possible in WAAM, 

i.e. small deposits at high deposition rate so that setting was turned off for this work.  

A filler wire with diameter 0.045 inches was selected for this work since it is a common 

welding consumable size used in industry and is easily available. Using a larger wire such as a 

1/16-inch diameter would increase the deposition rate by depositing more material, however 

such a change would also result in a decreased current density and a change in bead morphology. 

Changes in these variables would change the heat input and thus the thermal history of a build. 
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Interpass temperature was also monitored and kept below 100 °C. Time was allowed for 

deposits to cool down between layers. While this procedure is not ideal for the manufacture of 

large parts very quickly, it has been found to result in a better build quality with less slumping of 

the deposit [54].  

The deposition was performed with a 75% Ar-25% CO2 shielding gas. This common 

blend was used for favorable arc characteristics in this low heat input process [32]. 

3.2. Filler Wire and Chemical Composition 

The electrode selected for this work was the AWS ER70S-6 low carbon steel filler wire. 

The composition of this filler wire is listed in Table 3.2.  

Table 3.2: Composition requirements (in wt. %) for AWS ER70S-6 filler wire and A36 carbon 
steel [46][55][56]. 

Alloy C Mn Si P S Cu 

ER70S6 0.07-0.15 1.40-1.85 0.80-1.15 0.025 0.035 0.50 

Expected as-

deposited 

ER70S-6 

0.09 1.65 0.95 0.012 0.018 0.35 

A36 0.25 0.8-1.2 0.4 0.03 0.03 0.2 

 

AWS ER70S-6 is a commonly used filler wire in industry. It closely resembles AWS ER70S-3 

though ER70S-6 contains greater concentrations of silicon and manganese. The benefits of 

choosing a higher silicon concentration were discussed in Section 2.7.1. The compositions listed 

here will provide a basis for the characterization of alloying element concentration in this work. 
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3.3. Build Method 

The WAAM builds were made as a thin wall, only one weld in thickness. This build 

geometry gives insight into the characteristics of an unsupported, thin-wall build, differentiated 

from the thick sections often studied in the welding literature. Surely, in the manufacturing of 

large, complex parts, there will be a range of geometries in one part alone. However, thin walls 

will always be in these designs. Since a single direction of travel was all that was required for 

this work, a motorized cart mounted on a track was sufficient to automate the deposition process.  

The builds were made on a ¼ inch thick A36 carbon steel plate �X�V�L�Q�J���W�K�H���³�Z�D�W�H�U�I�D�O�O�´���R�U��

�³�F�D�V�F�D�G�L�Q�J�´���P�H�W�K�R�G�����,�Q���W�K�L�V���P�H�W�K�R�G�����W�K�H���I�L�U�V�W���G�H�S�R�V�L�W���L�V���W�K�H���O�R�Q�J�H�V�W�����Z�K�L�O�H���W�K�H���V�H�F�R�Q�G���R�Q�O�\���E�X�L�O�G�V��

on part of the first. This procedure is followed throughout the entire build height, with each layer 

leaving part of the previous l�D�\�H�U���H�[�S�R�V�H�G�����7�K�H���U�H�V�X�O�W���L�V���D���³�V�W�D�L�U-�V�W�H�S�´���V�K�D�S�H���W�R���W�K�H���I�L�Q�D�O���E�X�L�O�G����

This build strategy enables layer by layer analysis of the build to characterize how the properties 

of the build change over time during the build process. �$���V�F�K�H�P�D�W�L�F���R�I���W�K�H���I�L�U�V�W���³�Z�D�W�H�U�I�D�O�O�´���E�X�L�O�G��

and the locations of the sections taken from it are shown in figure 3.1. Two of these builds were 

made in this work to confirm that the results obtained were reproducible. These are designated 

Build One and Build Two. 

It should be noted that distortion is common in WAAM builds, especially large builds. 

Clamping of the base plate can be used to keep the height of the deposits from changing 

significantly during the build process and keeping the contact-tip-to-work distance nearly 

constant. Distortion will be expected after unclamping or cross-sectioning of the build. 
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�)�L�J�X�U�H�������������6�F�K�H�P�D�W�L�F���R�I���W�K�H���³�Z�D�W�H�U�I�D�O�O�´���E�X�L�O�G���P�H�W�K�R�G���D�Q�G���W�K�H���O�R�F�D�W�L�R�Q���R�I���W�K�H���V�S�H�F�L�P�H�Q���V�H�F�W�L�R�Q�V��
taken.  

 
It has been shown extensively that the properties of a build can change from the top to 

bottom so some understanding of how that change progresses will be of value when considering 

the application of WAAM to actual parts [18][22][23].  

3.4.  Optical Microscopy 

Sections of the build were taken transverse to the travel direction of the welding torch and 

polished to a 1 µm-finish using diamond suspension polishing media. Sections were taken at 

�H�D�F�K���V�W�H�S���R�I���W�K�H���³�Z�D�W�H�U�I�D�O�O�´���E�X�L�O�G�����V�X�F�K���W�K�D�W��samples from each stage, i.e. layers one through five 

of the build, were prepared. Samples were etched using a 2% Nital solution to reveal the 

microstructure for optical microscopy. Samples were etched heavily for the collection of low 

magnification images in order to reveal the macroscopic structure of the build. A light etch was 
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used when collecting microscopic images of the microstructure. A Leica MEF4-M microscope 

was used to collect images of the sample surfaces. Low magnification images were stitched 

together to construct a macroscopic view of the build samples in order to gain a wider view of 

the solidification behavior, reheated zones, and prior austenite grain size.  

3.5. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) was used to take higher magnification images of the 

fine microconstituents. Sample preparation remained the same between SEM and optical 

microscopy as the etched samples revealed the microconstituents present in varying regions of 

the build. SEM was performed on an FEI Quanta 600 instrument and a JEOL 7000 Field 

Emission SEM (FESEM). An accelerating voltage of 20 kV was used at a working distance of 10 

mm for imaging as well as energy dispersive spectroscopy (EDS). 

Using EDS, data on the chemical composition was collected through the build height. 

Starting at the fusion line between the first layer and the substrate, three spot measurements were 

taken every 500 µm along the build height. One spot scan was made on the centerline of the 

transverse cross-section with one spot on the left and the right, 500 µm from the centerline. EDS 

is not a quantitative measurement process, but the data gathered can show relative changes 

within the build.  

3.6. Microhardness 

Vickers microhardness measurements were made to investigate the mechanical properties of 

the builds at each stage. Measurements were made in accordance with ASTM E384 [57]. The 

indentation was performed using a Leco AMH55 hardness mapper and indent measurements 

were made with the Leco Cornerstone software. A grid was made for each specimen since height 



 

32 
 

varied with the number of layers, though each grid used a 200 µm spacing between indents to 

comply with the ASTM standard and ensure accurate measurements. Measurements started at the 

fusion line of the first layer with the substrate and extended into the build height following the 

scheme shown in figure 3.2.  

 

Figure 3.2: Schematic of the hardness mapping scheme used to measure Vickers microhardness 
on the transverse build cross-sections. 

 
3.7. Electron Backscatter Diffraction  

Electron backscatter diffraction (EBSD) was performed to analyze the grain structure of the 

builds. EBSD was performed on the JEOL 7000 FESEM with a tilt angle of 70 degrees from the 

beam axis. The data was compiled using the OIM software package and refined using the NPAR 
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software package, refining the analysis of each grain using data from neighboring grains. Plots of 

the pole figure to identify the phases present were collected along with the inverse pole figure to 

construct a visual EBSD map of the grains scanned to visualize any texture that may be present. 

Data were further processed using Mtex, a toolbox for Matlab software. This toolbox was used to 

map the grain boundaries and color code them based on the intergranular misorientation at that 

grain boundary. The colored maps provide a clear way to visualize the high angle and low angle 

grain boundaries in the scanned area. The intragranular misorientation was also mapped using 

Mtex. Plotting intragranular misorientation provides a way to visualize the misorientation within 

a single grain, revealing strain accumulation or any substructure that may develop within each 

grain. 
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CHAPTER 4: RESULTS AND DISCUSSION 

To characterize the changes in microstructure over the course of the WAAM build process, a 

two-step approach was used. First, the as-solidified microstructure was thoroughly characterized 

to understand the material in the as-deposited state. The findings from this step serve as a 

baseline for the second step, which involved characterizing the changes in microstructure and 

properties as subsequent deposits were made during the build process. As presented in the 

Background section, the multiple thermal cycles experienced in the build process are responsible 

for these changes. The three major categories used to characterize the builds in the two-step 

approach were the microstructural makeup, chemical composition, and mechanical properties.  

4.1. Microstructural Characterization 

Microstructural characterization was carried out in several regions of the build at each of the 

five layers. The exact locations of the observations will be shown in the paragraphs below.   

4.1.1. As-solidified Microstructure 

The first layer deposited onto the substrate provides a baseline for the as-solidified 

microstructure that is formed by the ER70S-6 alloy under the STT deposition conditions. If base 

metal dilution is kept to a minimum, assuming that the AM process was initiated on a steel 

substrate, the microstructure of the deposit can be treated as that of the filler wire. The as-

solidified microstructure is complex, exhibiting several microstructural constituents, although the 

constituents present are in agreement with the welding literature for this alloy [58].  

Examination of a continuous cooling transformation (CCT) diagram can provide a basis for 

predicting the microstructure. Using the CCT diagram for a low carbon steel alloyed with Si and 
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Mn as shown in figure 4.1, the expected microstructure upon solidification consists of ferrite and 

acicular ferrite (denoted in this diagram as AF accompanied by LF for lath ferrite) by tracking 

the cooling curve corresponding to 280 HV, which corresponds to the average reading for 

measurements made on as-deposited material that experienced a cooling rate of approximately 

65 °C/s.  

To better understand the solid-state phase transformations of a low carbon steel deposit, the 

room temperature microstructure and hardness data will be used together with the CCT diagram. 

The cooling rate conditions for the tempered middle section of the build (to be discussed in 

Section 4.1.2) will be estimated based on the experimentally measured hardness readings and the 

hardness data listed in the CCT diagram. As will be reported in a later section, the hardness of a 

five-layer deposit, measured in the middle section of the build, was around 180 HV. Note that 

this hardness was a result of tempering after multiple thermal cycles. The CCT diagram showed 

that a cooling rate of approximately 2 °C/s was necessary to achieve the specific hardness cited 

above. Note also that this cooling rate was not the result of a single continuous cooling 

experience in the middle section of the build, but is an estimation of the cooling rate based on the 

cumulative hea�W�L�Q�J���D�V���D���U�H�V�X�O�W���R�I���V�H�Y�H�U�D�O���W�K�H�U�P�D�O���F�\�F�O�H�V�����7�K�L�V���³�F�X�P�X�O�D�W�L�Y�H���F�R�R�O�L�Q�J���U�D�W�H�´���F�D�Q���E�H��

used as a first approximation criterion to provide information for other builds on whether a part 

�K�D�V���U�H�D�F�K�H�G���³�V�W�H�D�G�\���V�W�D�W�H�´���S�U�R�F�H�V�V�L�Q�J���R�U���Q�R�W���� 

However, the hard pockets of martensite will be attributed to the partitioning of alloying 

elements that will be discussed in Section 4.2. More specifically in two-layer deposits where the 

heating would have been from a small number of thermal cycles (two), the temperature 

distribution in these builds would be expected to be uniform. Therefore, the formation of 

martensite pockets with hardness of around 380 HV would be more dependent on the localized 
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enrichment of chemical elements such as silicon and not on the cooling rate. A more detailed 

discussion of the formation of martensite pockets and its microhardness will be presented in 

Section 4.3. 

While the CCT diagram can predict some aspects of the microstructure formation and 

development, the heat extraction is dependent on several factors, many of which will vary from 

build to build. The heat input is a function of the current, voltage, and travel speed but is further 

complicated in this case by the pulsed current waveform. The heat extraction and cooling rate 

will be dependent on the part geometry and will even vary within a single part as the geometry in 

different regions of the part varies. It is important to note that this work focuses on thin wall 

builds and that thick sections will experience different heat extraction conditions. Furthermore, 

the size of the base plate will change heat extraction conditions as well, with thicker plates 

favoring 3-Dimensional heat flow. The repeated reheating as a result of thermal cycling due to 

the HAZ of each layer will further complicate the microstructure, which will be characterized in 

Section 4.1.2. 
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Figure 4.1: CCT diagram of a low carbon steel alloyed with Si and Mn. Alloy does not match 
ER70S-6 chemistry exactly but will indicate similar behavior [59]. 
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As more layers are deposited in the build, the thermal cycling and remelting of previous 

layers cause a complex thermal and compositional history to develop throughout the build. These 

complex process conditions were found to lead to further changes in the microstructure of the 

build as it was being performed. Indeed, the microstructural development is based not only on 

the thermal cycling, which informs the cooling rate in combination with the part geometry but is 

also based on the chemical composition which informs which transformation products can form. 

While a complete set of predictions is ideal, that is beyond the scope of this work. Herein, the 

microstructure, chemical composition, and mechanical properties will be characterized to 

provide a foundation for further study that should leverage a robust modeling approach.  

 Ferrite Veining 

A prominent feature of a more macroscopic scale view of the as-solidified microstructure 

is the grain boundary ferrite that has formed along the prior austenite grain boundaries. This 

grain boundary ferrite is known to be the first to nucleate during the austenite-to-ferrite 

transformation on cooling [52]. Examining the prior austenite grain boundaries, the austenite 

forms a coarse columnar structure that is expected of an arc welding process. To characterize the 

difference in columnar width between the first layer deposited and the fifth layer deposited, 

sections of as-deposited material were compared from various regions during the build process. 

The first layer deposited and fifth layer, taken from the regions indicated in figure 4.2 show the 

region these samples were extracted from. A magnified view of the columnar prior austenite 

grains is seen in figure 4.3. 
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Figure 4.2: Schematic of the regions sampled to illustrate the change in columnar prior austenite 
grain width between the bottom and top of the build. Photomicrographs of region (a) and (b) are 
shown in figure 4.3. 

 
 The width of the as-solidified prior austenite grains were found to vary over the course 

of the build height as seen in figure 4.3. The areas captured in these images represent the bottom 

and top of the build. Figure 4.3 (a) was taken at the fusion line between the first layer and the 

substrate while figure 4.3 (b) was taken at the top of the fifth layer, representing the top of the 

build. The distance between regions was measured to be approximately 8.5 mm. 

 
Figure 4.3: (a) Narrow columnar prior austenite grain boundaries at the bottom of the build near 
the fusion line with the substrate (b) wide columnar prior austenite grain boundaries at the top of 
the fifth layer of the build. Note that the two micrographs were taken at the same magnification. 

(a) (b) 
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The width of the austenite grains was measured to vary by an order of magnitude, tens to 

multiple hundreds of µm, based on the position of the deposit made. The first layer deposited 

exhibited finer widths, on average 58.6 µm in the prior austenite grains in the region that 

penetrated the substrate which persisted up into the rest of the bead. The columnar width in the 

first deposit is dictated by the solidification behavior and heat flow on the substrate. Since the 

first layer functions as a bead on plate weld, the heat flow is three dimensional. Further layers 

transition into two-dimensional heat flow, ignoring convective heat transfer in and out of the 

deposit perpendicular to the travel direction. The fifth layer in the as-solidified condition exhibits 

much coarser prior austenite grains with widths reaching in excess of 200 µm.  

The ferrite grains decorating the prior austenite grain boundaries were found to contain 

two ferrite morphologies. First, as is expected to form, is grain boundary ferrite or 

allotriomorphs. These are known to be the first ferrite constituent to form during the austenite-to-

ferrite transformation in plain carbon steels, usually nucleating at grain corners or grain 

boundaries [52]. Electron backscatter diffraction scans have shown that these grains tend to 

exhibit a large amount of intragranular misorientation near the newly formed grain boundary 

between the allotriomorph and the austenite. In figure 4.4 this is shown where the red and yellow 

regions of grain boundary ferrite which indicate high intragranular misorientation near the grain 

boundary.  
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Figure 4.4: Intragranular misorientation map measured by EBSD. 

 
The grain misorientation finding seems to suggest that grain boundary ferrite growth is limited 

not only by the growth of other microconstituents such as acicular ferrite but by some 

accumulation of strain at the new grain boundary (between the grain boundary ferrite and the 

interior of the prior austenite grain). In other words, grain boundary ferrite did not stop because 

of the appearance of acicular ferrite.  

The second microstructural constituent found in relation to the grain boundaries is 

Widmanstätten ferrite. These grains were identified by their needle-like morphology originating 

from grain boundary allotriomorphs. Furthermore, figure 4.4 shows that the Widmanstätten 

grains exhibit very little intragranular misorientation as they grow into the prior austenite grain, 

suggesting the presence of the Kurdjumov-Sachs (KS) orientation relationship [60][61][62][63].  
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 Acicular ferrite 

Acicular ferrite has long been considered a desirable microstructure in carbon steel 

weldments. This claim is largely due to the ability of the microstructure to resist crack 

propagation through the chaotic structure of small, needle-like grains. While in metallographic 

analysis acicular ferrite grains often appear as randomly oriented, long and thin needle-shaped 

features; their three-dimensional morphology is that of a lenticular plate [61][64]. The aspect 

ratios of acicular ferrite laths, i.e. length-to-width ratio, lie typically between 3:1 to 10:1. 

An important aspect of acicular ferrite is the nucleation process. Since acicular ferrite does not 

nucleate at a high energy site such as a grain triple point or grain boundary, but intragranularly 

within prior austenite grains, nonmetallic inclusions are required to act as heterogeneous 

nucleation sites. It is shown in figure 4.5 a number of oxide particles resting within or adjacent to 

acicular ferrite grains. A small oxide particle can be found in an acicular ferrite lath that has been 

etched away by a Nital etchant, as indicated by the red arrow. The particle was determined to be 

an oxide by an EDS spot scan showing high levels of oxygen relative to the surrounding steel. 

While this is a non-quantitative measurement, the well-known mechanism of acicular ferrite 

nucleation on non-metallic inclusions, particularly Ti-bearing inclusions such as TiO and TiN, 

and Galaxite (MnO-Al 2O3) along with the high levels of oxygen were sufficient to conclude that 

oxide inclusions were present to act as heterogeneous nucleation sites that are required to form 

acicular ferrite [44]. To the right of the bottom tip of that particular acicular ferrite lath, another 

oxide particle can be seen located next to a small acicular ferrite lath. It is likely that the 

nucleation of ferrite occurred on the oxide particle. Further to the right, almost at the edge of the 

photomicrograph, an oxide particle can be observed sitting inside a ferrite grain. It is entirely 

possible that this is an acicular ferrite oriented in the transverse and out-of-plane direction of the 



 

44 
 

photomicrograph. To the left of the bottom tip of the large etched away acicular ferrite lath, an 

oxide particle can be clearly seen in another etched away acicular ferrite lath. 

 
Figure 4.5: High magnification SEM micrograph showing microconstituents formed within prior 
austenite grain boundaries of as-solidified material. This SEM micrograph is taken from the 
second layer of an ER70S-6 filler WAAM build in the as-deposited condition. 

 
It was further found, through low magnification microscopy of the build deposits that the 

as-deposited microstructure contains a large volume of acicular ferrite. In optical micrographs 

such as figure 4.6, the white-colored areas indicate the presence of ferrite veining along the prior 

austenite grain boundaries while the dark regions, representing what would be intragranular in 

the austenite, consist largely of the acicular ferrite seen in the high magnification view of figure 
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4.5. While the intragranular microstructural feature represents a significant volume fraction of 

the as-deposited material and indeed much of the build, as will be further discussed, a 

quantitative measurement would not be necessarily accurate due to the presence of other fine 

microconstituents mixed in with the acicular ferrite that will be discussed in the next section. 

Large scale image collages are available in Appendix A, figure A.1 to figure A.10.  

 
Figure 4.6: Light optical micrograph of as-deposited material in layer three of Build Two. 
Sample heavily etched with the intention to illustration the demarcation of prior austenite grain 
boundaries. (Heavy etching was not intended nor suitable to show finer intragranular 
microstructural features.) 

 
Further analysis was performed on the acicular ferrite regions using EBSD to gather 

backscatter data on the primarily acicular ferrite. The inverse pole figure map in figure 4.7 shows 

very clearly the acicular ferrite laths as well as the prevalence of certain orientations among the 
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laths that formed. The region is clearly bounded by grain boundary allotriomorphs with 

predominantly acicular ferrite in the intragranular region of the prior austenite grain.  

 
Figure 4.7: Inverse pole figure generated by EBSD scan of acicular ferrite within a prior 
austenite grain 

 
Using the OIM software package to extract data from the EBSD scan of this region, a 

histogram was constructed of the frequency of intergranular misorientation angles present in the 

acicular ferrite region scanned in figure 4.7. This histogram exhibits two distinct peaks of 

frequency, the largest at very low misorientation and another at high misorientation angles 

greater than 50° as can be seen in figure 4.8. This distribution agrees well with the results 

reported by Gourgues et al. and with the data presented by Zajac et al. which closely resembles 

the two peak misorientation distribution of upper bainite [62][65]. This finding seems to support 
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the discussion offered by Bhadeshia and Babu stating that acicular ferrite is formed by a bainitic 

mechanism after nucleating on an inclusion particle.  

Therefore, it can be expected that acicular ferrite is formed intragranularly, nucleating on 

nonmetallic inclusions which act as heterogeneous nucleation sites. After nucleation, the laths 

grow by a displacive transformation from the austenite by the development of an invariant plane 

strain. This displacive transformation has been observed to still retain the KS orientation 

relationship [60][61][62][63]. 

 
Figure 4.8: Intergranular misorientation histogram generated from EBSD scan of acicular ferrite 
region 

 
As a consequence of the distribution of high angle boundaries, crack propagation is 

further limited. It has been found that high angle boundaries are more effective in inhibiting the 

growth of cleavage cracks than low angle boundaries [66]. As such, the acicular ferrite not only 

presents resistance to crack growth through the orientation of the needle-like microstructure, but 
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the high angle boundaries between grains further increase the resistance to crack growth. A 

visualization of the high angle boundaries between grains is clearly illustrated in figure 4.9.  

 
Figure 4.9: Intergranular misorientation map generated from the EBSD scan of the acicular 
ferrite region. Grain boundaries are color-coded based on intergranular misorientation. 

 Martensite and MAC 

While acicular ferrite and ferrite veining (grain boundary ferrite and Widmanstätten ferrite) 

are the major observed microstructural constituents, it was found that other microstructures also 

formed in the as-solidified metal as well, though less prevalently. First, it was detected the 

presence of martensite-austenite-carbide (MAC) constituent in the as-solidified microstructure 
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prior to being subjected to the HAZ thermal cycle. It can be seen in the high magnification SEM 

micrograph in figure 4.5 and figure 4.10 that multiple blocky MAC islands are observed in just 

one small sample of the acicular ferrite region. These constituents are known to be deleterious to 

toughness since they act as crack nucleation sites, as previously discussed [24][30]. Martensite is 

known to have very high strength but has very little toughness. Pockets of martensite could lead 

to crack formation due to their brittle nature if formed within a build. 

Pockets of lath martensite were found in the second, third, and fourth layers. A magnified 

analysis of these regions revealed it to take on the lath martensite morphology as shown in figure 

4.11, exhibiting the characteristic triangular patterns with near 60° angle between the three sides 

of the triangles.   
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Figure 4.10: High magnification SEM micrograph of as-deposited material showing selected 
blocky MAC grains. Notice the geometric pattern with definite facets exhibited by the MAC 
microconstituents. 

 

MAC 
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Figure 4.11: High magnification SEM micrograph of the martensite pocket found in layer two of 
Build One. 

 
These martensite pockets were found to be replicable in both builds that were made and 

were irregularly placed within the remelted regions. The location of these pockets was irregular 

along the width of the transverse cross-sections analyzed in this work but appear to form in the 

remelted zone which is shown in figure 4.12. This region corresponds to the top of the previous 

layer that is remelted during the deposition of the next layer. It will be discussed later that the 

remelted region at the top of a previous layer is also the area most concentrated in alloying 

elements because of partitioning during solidification. The thermal behavior may also be 

partially attributed to the pulsed current of the low heat input deposition. The periods of low 

current following the peak current in the pulse may cause rapid cooling which, combined with 

the higher alloying elements concentration, create the conditions for martensite formation. 

Additional figures of the AM deposits can be found in Appendix A. 
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Figure 4.12: Two-layer transverse cross-section. The pocket of lath martensite can be seen within 
the remelted region of the first layer. 
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The presence of martensite in irregular pockets formed within a deposit, such as what is 

shown in figure 4.12, would have significant consequences for the mechanical properties of any 

carbon steel WAAM build intended to go into service. Further discussion on the formation of the 

martensite pockets and characterization of microhardness and mechanical properties will follow 

in Section 4.3.1.2. 

4.1.2.  Heat Affected Zone 

While the advantages of WAAM have previously been discussed, the most complicated 

aspect of the process is the complex thermal history resulting from the heat input of arc-based 

deposition processes and the heat extraction paths throughout the build. Indeed, a completely 

accurate thermal history was impossible to obtain in this work because of the nature of additive 

manufacturing. In conventional arc welding studies, thermocouples can be implanted within the 

workpiece to measure thermal history during the welding process. However, in WAAM, the part 

does not exist until it is incrementally built and therefore there is no workpiece in which a 

thermocouple can be implanted. Harpooning a small thermocouple into a small molten deposit in 

a thin wall may present other challenges as well. Infrared temperature sensing probes can be used 

to monitor the surface temperature during the build but this data is incomplete in telling the 

thermal history of each deposition layer throughout the build process and provides very little of 

the needed thermal data. Additionally, the spot size may also approach that of the thickness of 

the thin wall build increasing the uncertainty of the measurements. It may be possible to monitor 

the thermal history of a build using a thermal imaging system, only provided that the resolution 

of the recording is sufficient to capture the temperature evolution throughout the build height and 

reliably characterize the reheated zones formed by the deposition of each layer. Furthermore, 

many conventional welding heat flow equations such as the Rosenthal equation are no longer 
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valid since an important assumption in this analytical prediction of heat flow requires that the 

heat source be moving on a semi-infinite flat plate rather than a completely unsupported thin 

wall in air [67]. As of the time of this writing, there seems to be no robust analytical equation for 

predicting the heat flow in a thin wall AM build. 

Despite the complex nature of the thermal history in these builds, it can be seen that the 

repeated thermal cycles do change the microstructure of the build with each layer deposited. 

These changes can be seen especially when comparing the five-layer build shown in figure 4.13 

and figure 4.14 with the first layer deposited in figure 4.14 (a). Supplemental figures are in 

Appendix A. It can be seen that the five-layer build microstructure has changed from the 

predominantly acicular ferrite microstructure as seen in the as-deposited and first layer 

conditions to a more granular ferrite. A magnified view of the transition from the reheated zone 

to the as-deposited zone can be seen in figure 4.14 (a). The reheated zone has changed from 

predominantly acicular ferrite to granular ferrite, albeit the change is incomplete, with pockets of 

acicular ferrite or partially transformed needle-like grains remaining. A magnified view of the 

partially transformed regions is shown in figure 4.14 (b) which shows more clearly that very 

fine-scale needle-like grains are still retained in small islands in the reheated zone. Pockets of 

untransformed needle-like grains are also seen in figure 4.14 (d), located lower in the 

recrystallized region of the build. 
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Figure 4.13: Five-layer transverse cross-section. After several thermal cycles, the middle region 
can be seen to have recrystallized and homogenized the microstructure. The region captured in 
figure 4.14 (a) is marked as region (1) and figure 4.14 (c) is marked as region (2). 
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Figure 4.14: (a) Light optical micrograph taken from region (1) in figure 4.12 of the five-layer 
cross-section. (b) Magnified view of the recrystallized region showing retained pockets of 
untransformed needle-like grains. (c) Light optical micrograph taken from region (2) in figure 
4.13. (d) magnified view of the recrystallized region showing pockets of untransformed needle-
like grains 

 
A significant product of the ICHAZ in carbon steels is the formation of the brittle MAC 

microconstituent, which is known to significantly reduce the toughness of the material [30]. To 

show the presence of MAC, figure 4.10 was taken from the HAZ created by the second layer 

which extended back into the previous (first) layer. Given the very small size of the MAC 

blocks, often sub-micron, relative to the large scale of the build, it was not possible to gain a 

statistically conclusive analysis of whether the thermal cycling of subsequent deposits forms a 

significant amount of MAC that was not present in the as-deposited condition. As seen in figure 

4.14, it is not possible to detect the MAC using light optical metallography and higher 

(a) (b) 

(c) (d) 
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magnification electron microscopy is required. However, given the known phenomenon of MAC 

formation in the ICHAZ of this alloy combined with the formation of many heat affected zones 

as layers are deposited, it can be concluded that reduced toughness in an arc-based AM build 

would be a concern for a part put into service.   

The effects of the HAZ on the microstructure were found to convolute the microstructure 

through incomplete tempering of the as-solidified microstructure into the mostly polygonal 

ferrite seen in the middle of the build. In figure 4.13, the significant formation of the polygonal 

ferrite in the middle of the build is clearly seen although pockets of as-solidified material are 

retained. However, it will be shown in Section 4.2 that the measurement of the relative change in 

the concentration of alloying elements is a more reliable way to determine the location of the 

layers within the build than visual inspection of the grain structure. Furthermore, Section 4.3 will 

discuss the effects of the reheating on the mechanical behavior of the build when the as-

solidified material is tempered.  

4.1.3. Grain size 

While measuring grain size can be a helpful metric for evaluating the effects of thermal 

cycling from repeated HAZ exposure, the complex microstructure formed for much of the builds 

makes such a measurement unreliable to accurately report the desired information. It is 

especially the case with the prevalence of acicular ferrite possessing high length-to-width aspect 

ratios of 3:1 to 10:1. The measurement of grains with high aspect ratio is not inherently 

compatible with the OIM software package that uses a spherical approximation technique when 

measuring grain size. It has also been shown that the grain size can vary by multiple orders of 

magnitude with sub-micron MAC blocks and grain boundary allotriomorphs over 100 µm in 

length. The orders of magnitude difference and variety of high aspect ratio grain morphologies 
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combined with equiaxed morphologies make a bulk grain size measurement unwieldy and not 

representative of the entire build. 

 Columnar width 

Since the prior austenite grains exhibit a high aspect ratio and grow almost vertically in 

the build direction, a true grain size measurement is not accurate in characterizing the size. For a 

microstructure that exhibits a long columnar morphology, the dimension measured would 

preferentially be the width. It was qualitatively observed that the aspect ratio in the bottom layer 

was higher than the aspect ratio of as-deposited material in later layers. Measurements were 

made by drawing a horizontal line perpendicular to the columnar prior austenite grains on a light 

optical micrograph of the build, counting the number of prior austenite grain boundaries that 

intersect that line. No less than 200 measurements were made over no less than 10 mm of 

intersecting line length. Measurements were performed on as-deposited material as well as 

material in the HAZ of a subsequent layer. The number of prior austenite grain boundaries was 

then averaged over the total line length for a given region to calculate the average width of the 

prior austenite grains.  

To establish a baseline, the prior austenite columnar width was measured for the first 

layer. Since the first layer did not experience any further thermal cycles from a subsequent 

deposit, and that no meaningful distinction was detected in any region of the layer, the width was 

averaged over the entire deposit. The average columnar width was 58.6 µm for the first layer. 

Moving to the as-deposited material of subsequent layers, it is easily seen that the 

columnar width increases visibly. For example, the average as-deposited width for the second 

and third layers was measured to be 101.1 µm and 94.3 µm, respectively. These numbers 
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illustrate the widening of the columnar prior austenite grains that can be seen in the top layer of 

each build section throughout this work. It appears that the heat flow conditions in the 

freestanding thin wall lead to much wider columnar prior austenite grains due maybe to 

inefficient heat flow conditions in the later layers of the build compared to the first layer. The 

first layer behaves like a bead-on-plate weld, having heat extract away from the deposit into the 

substrate and surroundings in a three dimension fashion. In an unsupported thin wall build, the 

layers will experience only two-dimensional heat flow since heat will not be as efficiently 

extracted perpendicular to the travel direction by the open atmosphere compared to the base 

plate.  

Examining the width of prior austenite columnar grains in the HAZ of subsequent deposits 

shows some amount of shrinkage. A schematic of the regions sampled is shown in figure 4.15. 

Notably, it was found that in the reheated zone formed by the deposition of the second layer, the 

prior austenite columnar grains width decreased by 15 µm, reducing the average width to 43.6 

µm. This number represents a 26% decrease from the average width measured in the first layer, 

implying some austenitization in the coarse grain HAZ had occurred, as expected. With the 

observation of a reduction in columnar grain width, very fine MAC was also observed to form.  
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Figure 4.15: Schematic image showing the regions sampled to measure the width of prior 
austenite columnar grains 
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As-deposited columnar grains 

Reheated columnar grains 
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Further measurements in the third layer were made near the bottom of the layer which was 

thought to have experienced fewer thermal cycles, and in the middle of the layer which had 

experienced multiple thermal cycles. However, the average width differed by only 1.9 µm 

between the two regions with the bottom having an average width of 50.1 µm and the middle 

having 52.0 µm. It may be the case that the entire layer experienced similar thermal effects from 

the subsequent layers. It may also be possible that instead of changes in columnar width in the 

HAZ, the thermal cycles affected the morphology of the ferrite grains to become more equiaxed 

as shown in figure 4.14 (b). 

 Intra-columnar ferrite grain size 

Despite the inaccurate nature of the spherical approximation made by the OIM software 

package, the grain size distribution was measured only from the EBSD scan obtained from the 

as-deposited material. The distribution histogram can be seen in figure 4.16.  

 
Figure 4.16: Grain diameter histogram generated from the EBSD scan of the acicular ferrite 
region shown in figure 4.7. 
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This plot shows that the grain size distribution is mostly concentrated around 4 µm. Notably, 

there is a slight increase at 1 µm, which may be indicative of the measurement of very fine grains 

(1µm and below) that were smaller than the probe diameter of the electron beam. However, this 

plot does show that much of the as-deposited material contains grains less than 10 µm, even if 

the spherical approximation may not be an accurate depiction of the actual grains. Some of the 

small grains may also be accounted for by viewing acicular ferrite laths transverse to their 

longest dimension, with the lath pointing out of the plane of the specimen face.  

4.2. Chemical Analysis 

In most material systems, the chemical composition determines the microstructure that 

forms during solidification. The cooling rate is, of course, the other process variable that affects 

the post-solidification microstructure. The most relevant alloying contents of ER70S-6 filler 

metal according to AWS 5.18 specifications have been listed in Table 3.2. Note that manganese 

and silicon, in addition to carbon, are the main alloying elements in an ER70S-6 deposit 

[46][55][56]. It is notable that the expected composition lies within the AWS requirements. The 

listed composition provides a general basis for the evaluation of chemical results gathered from 

the WAAM builds. But it is conceivable that the low heat input conditions during the WAAM 

process could change the amount of elemental losses during deposition. Indeed, the reduction of 

fumes and spatter, and therefore potential losses to vaporization or ejection from the melt pool, 

are one major advantage of the STT method often advertised by Lincoln Electric Company.  

However, characterization of the chemical composition at various stages of the build will 

help in predicting how chemical segregation occurs in WAAM from the first to the later layers of 

the build. For illustration, alteration of the chromium equivalent and nickel equivalent in 
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stainless steels can significantly affect the solidification behavior of the alloy. A cursory analysis 

of the widely used Schaeffler diagram shows that the solidification microstructure can be 

martensite, austenite, ferrite, or a wide range of combinations of the three [68]. For different Creq 

and Nieq different solidification substructures and microstructures can result. It is easy to imagine 

also that other undesirable outcomes could occur such as the formation of intermetallic 

compounds or inadvertently formed precipitates which would not be expected based on bulk 

alloy composition analysis alone. In structural steel builds, the composition changes are not 

nearly as drastic as in stainless steel, thus, the initial composition and alloying element partition 

coefficient will play a stronger role in determining the as-solidified microstructure. 

4.2.1.  Layer-to-layer comparison 

Unfortunately, the scale of the builds and the regions that developed within them were not 

on a scale that would allow reliable extraction for measurement with a quantitative technique 

such as optical emission spectroscopy (OES) nor would they meet the minimum sample volume 

to run an OES test. Therefore, to understand how the composition of alloying elements changes 

over the course of the build, EDS was used to estimate the composition at intervals along the 

build height for layers one through five. Though EDS is not a quantitative analysis technique, it 

is useful to compare the relative changes within a build even if the values obtained are not exact.  

To begin the analysis, EDS data was obtained for the first layer, functionally comparable to 

a single bead-on-plate weld. The average values for the weight percent of both silicon and 

manganese were plotted every 500 µm, measured in a 1 mm wide band along the center of the 

deposit. It can be seen in figure 4.17 that the composition of manganese is relatively constant 

over the height of the deposit while silicon displays a slightly increasing behavior over the bulk 
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of the deposit height. The slight increase is likely due to dilution effects with the base plate onto 

which the first layer was deposited.  

 
Figure 4.17: Plot of concentration of Si and Mn measured by EDS spot scan of the one-layer 
section of Build Two. 

 
After subsequent deposits are made, the profile of alloying element concentration begins to 

become more complicated. In the two-layer sample, fluctuations begin to appear in the EDS plot 

shown in figure 4.18, now exhibiting two peaks in concentration of both silicon and manganese, 

in contrast to manganese remaining relatively constant in the first layer. This behavior may be 

due to the formation of the interface between the first and second deposit. When the first layer is 

partially remelted, a second composition profile is developed. The fusion line between the first 

and second layers is shown with the dotted line in figure 4.18. Note that the peak in silicon 

concentration occurs at the fusion line. This local maximum of alloy element concentration near 

the remelted zone provides the conditions that promote martensite formation in this alloy, as 

discussed in Section 4.1.1.3. 
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Figure 4.18: Plot of concentration of Si and Mn measured by EDS spot can of the two-layer 
section of Build Two. 

 
The higher concentration at around 1500 µm seems to indicate that partial remelting of the 

earlier deposit had occurred with the deposition of the subsequent layer and that it resulted in an 

uneven distribution of alloying elements along the height of the build. In fact, it was found that 

this behavior persists through to the three-layer build shown in figure 4.19. 

 

 
Figure 4.19: Plot of concentration of Si and Mn measured by EDS spot scan of the three-layer 
section of Build Two. Silicon showed larger elemental distribution according to partition within 
each pass. Partial melting promoted the local maxima between passes. 

 
It can be seen from the three-layer data that several fluctuations persist throughout the build 

height after repeated depositions. In much larger builds, the initial and end transient regions of 
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the build will encompass several layers when the chemical composition is considered. By this 

methodology, the layered regions can be determined after the tempering of the microstructure 

has taken place. The presence of the segregation of alloying elements throughout the build is also 

an important consideration for large builds and builds made from alloys sensitive to local 

segregation of alloying elements.  

The measurement of alloying elements also seems to indicate that alloying had some 

microstructural consequences even for the relatively simple alloy used in this work. As was 

shown in the previous discussion of microstructure in Section 4.1.1.3, irregular martensite 

pockets were observed in the two-, three-, and four-layer deposits across both experimental 

builds. This occurrence is largely attributed to the thermal cycle involving the remelting and the 

unique heat flow conditions of a thin wall build combined with the low heat input pulsed 

deposition. It was also found that the martensite regions exhibited a higher concentration of 

alloying elements. In figure 4.20, a plot of the average measured value of EDS spot data was 

overlayed on a composite image of the respective three-layer sample of the build.  
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Figure 4.20: Plot of concentration of Si and Mn measured by EDS spot scan of the three-layer 
section of Build One, paired with photomicrograph of regions sampled. 

 
It can be seen from this figure that the area containing a martensite pocket was at a local 

maximum of silicon and manganese concentration. It is noted that the sampling scheme was 

expanded laterally (across a greater width) in order to sample the martensite pocket. However, 

the raw data does show that the elevated concentration of alloying elements persists through this 

entire region of the sample.  

This behavior was found to be representative of the concentration of alloying elements for 

each martensite pocket that was found in this work. It, therefore, suggests that localized regions 

Martensite 
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of elevated concentration of alloying elements occurring in the remelted region can contribute to 

microstructural variations from the expected solidification microstructure. This observation is 

especially noteworthy since carbon steel is relatively simple in alloying, including mostly silicon 

and manganese to increase weldability as well as removing residual elements from the melt pool 

such as oxygen and sulfur. By contrast, if the desired alloy were to contain elements to increase 

hardenability through heat treatment, as would be desirable in a number of industrial 

applications, chemical heterogeneity could lead to even more significant variations in 

microstructure and therefore performance of the part. As case in point, localized depletion or 

enrichment of alloying elements in stainless steels could cause non-uniform variations in the 

corrosion resistance of a part by creating localized zones with varied corrosion susceptibility . 

This heterogeneity and the consequences thereof could prove costly in ferrous WAAM parts put 

into service.  

4.2.1.1. Chemical basis for distinguishing layers 

When trying to develop a methodology to distinguish the boundaries of each layer within 

the build, doing so visually based on the microstructure proved cumbersome due to the 

complexity of the microstructure especially after several thermal cycles. The occurrence of many 

banded regions of microstructure made it difficult to correctly assign layer boundaries within any 

previous layer due to changes resulting from several overlapping heat affected zones. However, 

when examining the EDS data, it becomes possible to develop a methodology for distinguishing 

layers within the larger samples with more layers.  

Referring back to figure 4.18, the plot shows very clearly that there are two peaks in 

alloying element concentrations that correspond to the two layers present in the sample from 

which the EDS scans were taken. Referring also to figure 4.19, data from a scan performed on a 
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three-layer specimen, there are three distinct regions created by the peaks of the silicon 

concentration. While the alloying content peaks and valleys may seem like scatter in the data, the 

peaks are periodically spaced (approximately) between layers, therefore the peaks represent 

boundaries of layers one, two and three. The peak of layer one indicates that the first layer is 

slightly larger, a reasonable observation when penetration into the base plate is taken into 

account.  

4.2.2. Dilution calculation 

To understand the effect of the base plate on the composition of the build, a model was 

developed to predict the dilution effects as more layers are deposited on top of the first layer that 

penetrated the substrate. A key component of this model was to measure the dilution of each 

layer by the subsequent layer that was deposited on top of it. In order to obtain these dilution 

values layer to layer, the chemical basis for distinguishing layers was used in combination with 

visual overlays to find how much of each layer was remelted by the next layer. An example of 

such an overlaid image is shown in figure 4.21. 

 
Figure 4.21: Overlayed images of layer one and layer two of build one, used to calculate dilution. 

A 

B 
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In this figure, B is the remelted area and A is the deposited material on top of the remelted 

region. Once the remelted area was estimated, the dilution was calculated using equation 4.1. 

�&�E�H�Q�P�E�K�J 
L ��
�»

�º�>�»
  

This value was then used to weight the composition found in each layer and carried through from 

the first layer deposited onto the base plate through layer five. It was necessary in this case to 

assume that there was complete mixing within each melt pool. While this assumption is often 

reasonable in describing depositions in low alloy or carbon steels, complete mixing is not always 

achieved when dealing with stainless steels and nickel alloys. Even in the present examples, the 

data collected has shown that the concentration of alloying elements is not homogeneous within 

each layer, so this simplifying assumption is not necessarily evidenced in the experimental 

results. 

The results of the dilution calculation are shown in the plots in figure 4.22. It can be seen 

clearly that the base plate has a strong influence over the expected bulk composition of the first 

layer. Some researchers may argue that the layer will be cut away regardless of when the part is 

removed from the base substrate once the construction of the part is complete. That may be so! 

However, it can be further seen that while the expected composition, in this case, falls within the 

AWS specifications for ER70S-6, it will still be below the expected as-deposited composition for 

both silicon and manganese. After the initial two layers, the alloying contents begin to approach 

the expected concentration. While the difference between the calculated composition and the 

expected bulk composition seems negligible, especially in parts with many tens or hundreds of 

layers, this model shows that the base substrate dilution can affect many layers and more than 

just the first that will be cut off after completion of the build process. Furthermore, the base plate 

(4.1) 
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used in this case was A36 steel, a simple carbon steel similar to the filler wire used, which 

minimized the effect of dilution. Table 3.2 show the composition of the base substrate and filler 

metal. If a build was made using an alloy with high hardenability or a sensitive composition of 

alloying elements such as titanium, it is possible that the base substrate dilution would affect the 

composition and microstructure as a consequence for several layers near to the bottom side of the 

part. 

 

Figure 4.22: Plot of calculated Si concentration (a) and Mn concentration (b) based on the 
dilution model 
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4.3. Mechanical Properties 

While the microstructural and chemical properties of the build have been characterized to 

this point, it is important to also characterize the mechanical properties of the builds more 

directly to discuss the material-structure-property relationship for these arc-based AM builds.  

However, because of the build geometry being a waterfall build to enable the layer-to-layer 

analysis of chemical composition and microstructural changes, it was not possible to prepare 

specimens for tensile testing with sufficient rigor. Furthermore, this work focused on the layer-

to-layer changes within the build, which cannot be easily detected by mechanical testing which 

would characterize the bulk mechanical properties of the test specimen. Instead of bulk 

properties, microhardness was chosen to further the characterization and inference of the 

variation of mechanical behavior in these arc-based AM builds. It is important to note that the 

values given in this work are specific to this material ER70S-6, but the methodology can be 

applied to any alloy system. 

4.3.1. Vickers Hardness Mapping 

Vickers microhardness was chosen to characterize the mechanical properties of the build 

for several reasons. First, Vickers indents are small, enabling a fine-scale characterization of the 

hardness at various points throughout the build. This method allows for more detailed 

characterization of fluctuations and evolution of the mechanical properties as each layer is 

deposited as the build experiences additional thermal cycles. Much of the literature that has used 

hardness testing has used Rockwell hardness measurement to measure the bulk hardness without 

as much care taken to characterize where the hardness measurement has been performed. Using 

Vickers microhardness allows the measurements to be related to the location in the build and 

what sort of microstructural changes may have occurred in that location. Second, the smaller 
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spacing of microhardness measurements allows the detection of the martensite pockets that were 

observed in Section 4.1.1.3. Lastly, microhardness measurements can easily be represented in a 

hardness map of the tested area. These maps can then be related to the photomicrographs taken 

of the builds with ease, allowing for analysis of the structure-property relationship between 

hardness as an analog for mechanical properties and the microstructure of the builds. 

 Hard/soft regions 

It was found through microhardness mapping that layered regions appear in the hardness 

similar to the way layered behavior was observed in the composition of alloying elements and 

banded regions of the microstructure. However, this behavior does not develop until several 

layers have been deposited. It can be seen in figure 4.23 that the two-layer deposit does not 

exhibit a strong distinction in hardness readings between the first and second layers. 
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Figure 4.23: Light optical micrograph of the two-layer section of Build Two paired with Vickers 
hardness map to scale. 

 
However, after multiple thermal cycles, the softening of some bands stretching the width 

of the build can be observed. Figure 4.24 shows the hardness map of the three-layer deposit 

exhibiting the formation of a softened region, with hardness readings as low as HV215. This 

seems to correspond to the HAZ of the third layer, stretching into what was the second layer. The 

side-by-side comparison shows that the softened band corresponds to a distinct band of the 

microstructure in the optical micrograph as well, indicating that distinct microstructural regions 

can exhibit differing mechanical properties than neighboring regions of the build. This trend 

continues in the four-layer map as well. It can be seen in figure 4.25 that in the four-layer section 

of the build that two softened bands have formed with three harder bands. 
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Figure 4.24: Light optical micrograph of the two-layer section of Build Two paired with Vickers 
hardness map to scale. 

 

Softened region forming 
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Figure 4.25: Light optical micrograph of the four-layer section of Build Two paired with Vickers 
hardness map to scale. 

It can be seen even more clearly in the comparison of the four-layer photomicrograph with 

the hardness map that the softened regions correspond to the HAZ microstructure where the 

ferrite grains have grown and transformed into their more polygonal morphology that was 

discussed previously. This behavior is in agreement with the known behavior of acicular ferrite 

to have higher strength as an often-desired microstructure in carbon steel weldments while HAZ 

softening is a well-known phenomenon as well. However, what is seen here in the thin wall 

WAAM build is that a banded structure appears with corresponding high and low hardness.  

Based on the hardness maps up to layer four, it seems that subsequent depositions would 

lead to the formation of more bands of hard and soft regions due to the formation of partially 

transformed microstructure as a result of the thermal cycling. However, figure 4.26 shows the 

five-layer microstructure and hardness map that does not exhibit the alternating hard and soft 

bands.  

Two softened regions formed 



 

80 
 

 
Figure 4.26: Light optical micrograph of the five-layer section of Build Two paired with Vickers 
hardness map to scale. 

 
Instead, the second soft band from the bottom of the build has grown into, rather than form, a 

third soft band. Some variations in microstructure can be seen in the large, softened region but all 

exhibit the recrystallized ferrite microstructure. Due to thermal cycling and the two-dimensional 

heat flow conditions, the softened region in the middle of the build has expanded rather than 

forming more bands of hard and soft material. 

 Martensite pockets 

The presence of martensite pockets that have been previously shown will naturally cause 

localized areas of high hardness compared to the surrounding matrix. The hardness map of the 

two-layer specimen from the first build is shown in figure 4.27. 

Softened region expanded 
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Figure 4.27: Light optical micrograph of the two-layer section of Build One paired with Vickers 
hardness map to scale. 

 
It can be seen from the hardness map that the martensite hardness is significantly higher, 

reaching a measured peak of over 385 HV. As was previously noted, these martensite pockets 

are formed irregularly within the build at remelted regions with elevated concentrations of 

alloying elements. Assuming a binary alloy of Fe-C and ignoring the presence of manganese and 

silicon, the hardness of the martensite formed can be related to carbon concentration. 

Additionally, carbon determination on a microscale is not generally easy and that carbon is not 
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detectable using EDS, the martensite formed in this sample could be estimated to contain 

approximately 0.15 wt % C [69], which corresponds to the maximum carbon concentration 

allowed by the AWS specification and that carbon could have segregated to that region. The 

martensite formation results in sharp increases in hardness in regions intermittently dispersed 

within the build. This heterogeneity in the mechanical properties will naturally lead to significant 

scatter in the strength and toughness values for a given area of a thin wall build. Since many 

WAAM built parts contain only a single wall, specific regions of parts designed to be lightweight 

could easily experience the conditions studied in this work. Care should be taken to avoid the 

formation of unexpected microstructures and properties.  

 Microstructural and Mechanical Homogenization 

Throughout this discussion, the heterogeneity of many properties of the WAAM builds has 

been shown. However, it is possible that larger builds, after a sufficient number of layers, the 

build will begin to temper itself as more layers are deposited. The heat flow may evolve to more 

efficiently extract heat down into the build once the lower layers have cooled, effectively 

expanding the softened region observed in Section 4.3.1.1. It was seen in figure 4.25 that the 

five-layer section of the build did not form any additional softened region but expanded the 

upper softened band that was present in the four-layer section. The five-layer section of the first 

build shows a similar phenomenon existing to a greater extent in figure 4.28.  
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Figure 4.28: Light optical micrograph of the five-layer section of Build One paired with Vickers 
hardness map to scale. 

 
In figure 4.28, microhardness readings were relatively uniform all the way to the region of 

distinguishable columnar grains in the topmost layer, i.e. the softened bands have grown to 

encompass much of the middle of the build height, with some harder material retained near the 

base plate. This hardness distribution suggests that after a sufficient number of layers are 

deposited, and therefore thermal cycles experienced by the build, some sort of pseudo-steady 

state may occur.  

In order to verify the effect of the irregular martensite pockets on the macroscopic scale  

properties of the five-layer section of the build, bulk hardness measurements were performed on 

the five-layer section with the results shown in figure 4.29. Because bulk hardness is a 

displacement measurement technique, it effectively samples more depth of the sample than 

microhardness indentation. Measurements sampled larger volumes of the builds (including 

potential regions of subsurface martensite invisible from the polished cross section) and along 



 

84 
 

the height of the build. The hardness behavior follows the softening measured by microhardness, 

suggesting martensite pockets are not expected to affect much the bulk properties in the five-

layer section of the build. 

 
Figure 4.29: Rockwell B bulk hardness measurement of the five-layer section of Build One 
showing the tempered behavior of the material. Subsurface martensite pockets did not alter much 
the bulk behavior of the material.  

 
A steady-state process usually exhibits three characteristic stages, an initial transient, 

steady-state, and end transient. Again, the five-layer section from the first build is most 

illustrative of this behavior, whether the WAAM builds appear to approach a steady-state 

behavior. To evaluate the mechanical properties in this way, a line average was taken from the 

hardness map data. The average hardness of each band stretching along the width of the build 

was taken and plotted over the section of the build height that was measured. The results of the 

line average are shown in figure 4.30. This plot appears to display an initial transient stage from 

0 µm to 2000 µm. This point corresponds to the highly recrystallized region shown in figure 

4.28, the tempered microstructure of polygonal ferrite shown in figure 4.13. The steady-state 

region seems to span from 2000 µm to 4000 µm which corresponds to the transition from the 

recrystallized region into the as-deposited material of the fifth layer. The detection of the as-
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solidified columnar grains in the fifth layer would signify the beginning of the end transient 

region which extends from around 4000 µm to the top of the build. 

 
Figure 4.30: Line average of Vickers microhardness of the five-layer section of Build One. 

 
The behavior in the plot also seems to agree with the data obtained by Wang et al. shown in 

figure 2.1 [18]. The emergence of steady state behavior in five layers is an important result to 

consider within larger builds. Steady state will develop relatively early within the build process 

even when a build contains hundreds of layers. However, this is an important consideration when 

dealing with part design. In the effort to make a lightweight part by creating organic shapes or 

hollow sections, certain regions of the build may not reach the expected steady state behavior 

and be subject to premature failure.  

The steady-state behavior is seen in this specimen also appears to emerge in the alloying 

element composition as well. The EDS spot scans along the build height of this specimen 

differed from the fluctuations seen in the scans previously shown in figure 4.18 and figure 4.19. 

The composition measurements in a region corresponding to that shown in figure 4.31 show that 

the distinct fluctuations of each layer are not exhibited but rather there seems to be an 

�D�F�F�X�P�X�O�D�W�L�R�Q���R�I���V�L�O�L�F�R�Q���L�Q���W�K�H���³�V�W�H�D�G�\���V�W�D�W�H�´���U�H�J�L�R�Q���I�U�R�P�������������—�P���W�R 4000 µm. 
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Figure 4.31: Plot of concentration of Si and Mn measured by EDS spot scan of the five-layer 
section of Build One. 

 
The compositional plot in figure 4.30 does not clearly show an initial transient, steady-state, and 

end transient behavior regarding the concentration of alloying elements. Instead, it is seen that 

the concentration of alloying elements continues to accumulate when a new layer is deposited 

until it reaches the fusion line of the fifth layer at 5000 µm. This distribution of alloying 

elements could mean that if the rapid cooling conditions are met, martensite pockets may still 

form many layers into the build. The accumulation of alloying elements also has significant 

implications in keeping the alloy within specification and altering the solidification mode.  

To determine more conclusively whether a steady-state behavior will develop, a build with 

more layers will need to be constructed. However, the formation of a steady-state is in agreement 

with some of the literature. It was found that titanium especially behaves this way due to the 

strong tendency for epitaxial growth [17]. However, in many steel studies, the microstructure 

was seen to evolve over the build height rather than exhibit an initial and end transient behavior. 

For example, Liberini et al have reported that a steel WAAM build developed distinctly different 

microstructural regions from the bottom to the top of the build [22]. Other researchers have 

reported that the bottom, middle, and top of their steel WAAM builds of varying compositions 

all form different microstructures [23][50].  
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4.3.2. Expected mechanical behavior 

By measuring the hardness of the builds, the strength of each region can be estimated. The 

tables for estimating the strength of a steel based on the Vickers microhardness are given in 

ASTM A370 [70]. While an estimation, the predicted properties can give some insight into the 

matter of how the strength of the build can vary throughout the build height whereas tensile 

testing data will characterize only the bulk mechanical behavior.  

The range of values used to predict strength based on Vickers microhardness taken from 

ASTM A370 is listed in table 4.1. Results not listed in the table were calculated by linear 

interpolation to approximate the converted strength value since the interpolation covered a 

relatively small range, usually only 10 HV or less.  

It is naturally expected that the hard regions of martensite pockets would have the highest 

predicted strength in this study. Based on the Vickers hardness prediction, the large martensite 

pocket in the two-layer section of the first build would exhibit a strength of 1229 MPa, which is 

an estimate. This stands as more than 30% greater than the peak hardness measured in the five-

layer section of the same build where the large middle region of the build softened and may 

approach a steady state. In fact, the transition from martensite pocket to the softened middle 

region represents a decrease in strength of 54% to 565 MPa. However, if the martensite pockets 

are to be considered an abnormality, the four-layer and five-layer sections from the second build 

can be compared. It was shown in Section 4.3.1.1 that the four-layer section still contained 

distinctly banded regions of hard and soft material. The deposition of the fifth layer and the 

resulting  
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Table 4.1: List of Vickers microhardness values converted to tensile strength taken from ASTM 
A370 [70]. 

Vickers 
Hardness 
Number 

Approximate Tensile 
Strength (ksi) 

Approximate Tensile 
Strength (MPa) 

392 182 1250 
382 177 1220 
372 171 1180 
363 166 1140 
354 161 1110 
345 156 1080 
336 152 1050 
327 149 1030 
318 146 1010 
310 141 970 
302 138 950 
294 135 930 
286 131 900 
279 128 880 
272 125 860 
266 123 850 
260 119 820 
254 117 810 
248 115 790 
243 112 770 
238 110 760 
228 109 750 
222 104 715 
216 102 705 
210 100 690 
205 98 675 
200 94 650 
195 92 635 
190 90 620 
185 89 615 
180 88 605 
176 86 590 
172 84 580 
169 83 570 
165 82 565 
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thermal cycle caused the lowest hardness measured in the five-layer section to decrease by 12% 

relative to the lowest hardness measured in the four-layer section. From this, it can be seen that a 

single thermal cycle can cause a notable decrease in the strength locally within the build.  

The strength is also expected to vary within each section. For example, it was seen in the 

clearly banded four-layer section of the second build that the strength can vary by up to 14.5% 

across a distance of only 500 µm. Comparing the peak hardness of the martensite pocket to the 

less softened material in the two-layer section of the first build, the difference in strength 

between the martensite and the nearly as-deposited material was found to be 43%.  

It may seem trivial to take the irregular presence of martensite pockets into account since 

they seem to occur only in the sections of relatively few layers. After all, one of the biggest 

advantages of WAAM is the construction of large parts with many layers so martensite would be 

expected in only a small portion of the part. However, this phenomenon is an important 

consideration in part design. The desire to create a complicated geometry in order to achieve a 

lightweight part may result in sections of the part forming martensite irregularly, introducing 

variance into the mechanical performance of the part, and creating an unexpected failure site 

when the part is in service.  

Furthermore, care must be taken when selecting deposition parameters in conjunction with 

part design to ensure that the build does achieve a near steady-state. Localized bands of higher 

strength material will concentrate strain into the neighboring soft regions, deteriorating the 

mechanical performance of a part as well as potentially introducing variance between identical 

parts. While the use of low heat input deposition processes is advantageous to the construction of 

WAAM build, HAZ appears to have an important role in partially homogenizing the 

microstructure.  
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CHAPTER FIVE: CONCLUSIONS 

In this work, carbon steel WAAM builds were analyzed layer to layer in order to 

characterize the metallurgical properties of builds as well as the evolution of microstructure and 

hardness along the build direction. The primary objective of this work was to characterize the 

layer-to-layer changes in microstructure, chemical composition, and mechanical properties 

during the arc-based additive manufacturing process. As such, the general results of the 

characterization work are first summarized below.  

Microstructural analysis using light optical and scanning electron microscopy revealed 

that the complicated as-solidified microstructure develops into distinct banded regions of varying 

microstructural makeup following the deposition of more layers. Furthermore, it was found that 

thermal cycles from the HAZ of each subsequent layer resulted in a range of microstructures 

from the as-solidified microstructure to recrystallized ferrite. Recrystallized ferrite was found 

across several of the middle layers in the five-layer section. However, this region was also found 

to contain small pockets of as-deposited material that were untransformed through the multiple 

thermal cycles. Sub-micron grains persisted in these regions. Pockets are martensite were found 

in multiple sections of the builds. It was also found that the build contained MAC microstructure 

constituent which is known to reduce toughness.  

Chemical analysis using EDS to measure the relative change in the concentration of the 

alloying elements silicon and manganese showed that the concentration of alloying elements 

varies within each layer. In this way, chemical analysis can be used to determine the position of 

layers within the build when the microstructure has been decomposed after several thermal 

cycles obscuring the layer boundaries. In the alloy studied in this work, fluctuations in alloying 
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element concentration do not cause significant phase changes. However, the concentration of 

alloying elements near the top of a layer may promote the formation of martensite in the HAZ of 

the next layer deposited. The results suggest that in alloys that are sensitive to changes in 

alloying element concentration, the solidification behavior may deviate from the expected 

solidification mode, such as in stainless steels for example.  

Analysis of the mechanical properties was performed using Vickers microhardness 

mapping in order to characterize the variation in mechanical properties layer to layer within the 

build rather than bulk mechanical properties. It was found that regions of very high hardness are 

formed by the presence of martensite pockets. There were also fluctuations in hardness layer to 

layer as the banded regions develop during the build process as a result of thermal cycling caused 

by the HAZ.  

It was further found that WAAM builds may approach a steady-state condition during the 

build process for larger parts with many layers. From the five-layer deposits, an initial transient 

in microstructure and hardness is observed with the first couple of layers. This initial transient is 

followed by a larger region of materials that exhibited a more homogeneous distribution of 

alloying elements concentration, microstructure, and hardness readings. In fact, hardness 

readings show little fluctuation within this middle section of steady-state behavior. Thermal 

cycles from the subsequent layers temper the deposited materials from prior deposits creating a 

large volume of HAZ with relatively uniform microstructure and hardness. Further to the top of 

the build, at a distance of a few millimeters from the top surface, changing heat extraction 

conditions also affected the microstructure and hardness. This region can be recognized as the 

end transient. For a large build, the initial and transient can be removed by post deposit 

machining steps such that the built part would contain materials with very similar microstructure 
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and mechanical properties. This finding is different from some of the literature reporting a 

continuous evolution of microstructure through the entire build height.  

All of these observations have important implications for part design. As lightweight 

parts are pursued, the part design should account for all regions of the build to reach steady-state, 

avoiding the introduction of failure sites such as martensite pockets or bands of hard and soft 

regions. Multiple millimeter thick sections representing the initial and end transients should be 

planned to be removed by machining from the bottom and top of the part after the build is 

completed. 

From the results obtained in this work, the following conclusions can be drawn. 

�x The width of the columnar prior austenite grains was found to decrease significantly after 

being subjected to thermal cycles from the HAZ of subsequent layers. A 26% decrease in 

columnar prior austenite grain width was observed after one thermal cycle due to 

austenitization in the CGHAZ. As the build grew taller, the heat extraction conditions were 

less efficient, causing the prior austenite columnar grain width to increase, reaching over 200 

µm in width. This will result in a greater volume fraction of acicular ferrite.  

�x The hardness of the build varies along the build height. Bands of hard and soft regions 

develop due to microstructural changes from the thermal cycling of the build. Repeated 

thermal cycles may cause the middle section of the build to reach a mostly homogenous 

microstructure and hardness after many thermal cycles. This could represent the formation of 

a steady-state region in the middle of the build height in WAAM builds. 

�x The homogenized microstructure was found to have untransformed regions of material that 

appear to be in the as-deposited condition. 
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�x The fluctuations in concentration of alloying elements can be used to infer the location of 

each layer of the microstructure if the microstructure has become convoluted due to thermal 

cycling.  

�x The homogenized microstructure was found to have a hardness of approximate HV175. This 

is specific to low carbon steel, but the tempering behavior is expected in WAAM generally. 

�x Due to the fluctuations in the hardness and the inhomogeneity of the microstructure, it is 

recommended that WAAM builds employ machining before the part is put into service. The 

as-deposited material should be removed from the top of the build and the untransformed 

material at the bottom of the build should be cut away as well. The measurement obtained 

from this study indicates that no less than 4 mm should be removed from the top side and 

bottom side of a WAAM build. The resulting part will have a more uniform bulk mechanical 

behavior. Parts should also be machined or designed to remove any as-deposited material 

from the internal structure of the part as well. 

�x This characterization methodology should serve as a foundation to be expanded upon. 

Additions to the methodology should include measurements of residual stress and the 

incorporation of machining into the WAAM process.  

  



 

94 
 

 

CHAPTER SIX: FUTURE WORK 

In order to investigate the subject of a steady-state within steel WAAM builds, further 

investigation should be performed taking a modeling approach to develop a robust prediction of 

the heat flow within WAAM builds. The heat flow in combination with the chemical segregation 

characterized in this work are fundamental to developing predictions for the microstructural 

development in WAAM builds. 

Another emerging area of study is the integration of subtractive manufacturing into 

WAAM. Some studies have been performed to integrate subtractive machining into the WAAM 

process, effectively developing a hybrid additive/subtractive manufacturing system (A/SM) 

[5][71][72]. In this process, machining can be performed between deposition layers, removing 

the top portion of each deposit to improve dimensional tolerance. From the point of view of 

chemical composition and elemental segregation, removing the top portion of each deposit may 

be effective to limit the propagation of increasing composition up the build direction. An 

additional potential advantage is the removal of the surface layer of residual tensile stresses. 

Surface finish machining can be performed using the same equipment without needing to remove 

the part and set up a second piece of machining equipment. A schematic of the surface finish 

machining is shown in figure 6.1. 
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Figure 6.1: A cross-section schematic of an integrated surface finish machining process in 
WAAM [73]. 

 
 There have been multiple ways developed to integrate the subtractive process into 

WAAM. Some researchers have integrated an arc welding deposition system into existing CNC 

milling equipment, leveraging the existing CNC control system to control both the arc deposition 

torch and the machining tool [5]. This arrangement represents a cost-effective method for 

integrating WAAM and machining capabilities, especially if a company interested in hybrid 

A/SM already possesses a CNC milling machine such as the integrated machinery shown in 

figure 6.2. Karunakaran et al. have emphasized the need for robust CNC hardware and isolation 

from the electromagnetic emissions of the welding torch to keep the more sensitive electronic 

components from malfunctioning.  
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Figure 6.2: Low-cost integration of an arc deposition module into an existing CNC milling 
machine [5]. 

 
Li et al, have proposed a different method for hybrid A/SM using a single robotic arm 

with tool changing capabilities to switch between the deposition head and the machining head as 

needed for each specific build path [71]. This approach offers more degrees of freedom, using a 

six-axis robotic arm rather than the limited three-axis equipment shown in figure 6.2. This 

enables the advanced surface machining capabilities as shown in figure 6.3. 

 
Figure 6.3: Six-axis machining capabilities controlled by a robot arm after deposition [71].  
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This concept has been proven using polymer printing so it would be important work to study this 

process metallurgically when adapted to WAAM. The use of six axes in the deposition and 

machining may lead to the superior surface quality of the build but it also stands to further 

complicate the thermal history. Subtractive machining could add complications to the many 

metallurgical characteristics that have been discussed in this study, such as the microstructure, 

local mechanical properties, and segregation of alloying elements. It should also be noted that 

machining is usually performed with the presence of a coolant. In the case of steel machining, 

this will take the form of an air blast that would complicate the thermal history by introducing 

localized forced cooling where the cutting tool is. However, aluminum alloys often use a liquid 

coolant, often oil based. The introduction of an oil-based liquid onto the part would not only 

complicate the thermal history but also contaminate the surface where the next deposition is to 

be made. It is very likely that the oil-based coolants would introduce carbon into the deposition 

or in the case of non-oil-based coolants, sulfur would potentially be introduced to the deposit. 

Any study performed on the metallurgical properties of WAAM should endeavor to 

include some examination of residual stress. Some study has been done on the machining of 

SLM parts [72] [74]. Heigel et al conducted a study on the machining of 17-4 stainless steel 

builds after they were made using SLM. It was found that the builds did not change dimension as 

expected under the residual stress state characterized in the builds. Instead, the researchers 

propose that the machining introduced additional compressive residual stress onto the outside of 

the part and prevented further distortion. Du et al conducted hybrid A/SM on SLM of 18Ni-300 

maraging steel, machining the part after layers were deposited. Du et al found that the cutting 

force differed from wrought material, requiring greater force on the milling tool due to the 

residual stress developed in the build. It would be helpful to conduct a study in this fashion for 
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A/SM using WAAM deposition. WAAM has a much different thermal profile than SLM in 

addition to much larger layers so a comparison of the metallurgical properties, residual stress, 

and machining characteristics of WAAM A/SM would be quite valuable.  

In addition, it is worth examining the potential impact of subtraction on the properties 

studied in this work. It was found that the composition of alloying elements varied within each 

layer for much of the builds made in this study. Subtraction would conceivably disrupt that 

development and potentially lead to alloy losses. This would be especially important in alloys 

that are sensitive to the concentration of alloying elements locally such as stainless steel. 

Furthermore, it was modeled that the dilution of the base plate should affect the composition of 

several layers beyond the first, introducing another variable when considering the subtraction of 

deposited material. The mechanical properties may also interact with the subtractive process, 

increasing hardness if compressive residual stresses are induced at the machining surface. While 

the martensite observed in this study was mostly contained in the center of the build, the 

irregular formation of hard spots could also interact with the cutting tool if part of a martensite 

pocket were cut away. And the altering of the deposit dimensions will necessarily change the 

HAZ profiles that develop through the build height, potentially causing more overlap than 

without machining.  
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APPENDIX A: BUILD SECTION IMAGE COLLAGES 

Light optical micrographs were obtained from each section of both builds. Images were 

stitched together to form a more detailed collage representing the relevant sections of the build 

height. Not all collages extent to the complete top of the build, since the as deposited material 

was found to be uniform throughout except for the first layer. Pockets of lath martensite are 

found in figures A.2, A.3, and A.9. These are found near the remelted region where the alloying 

elements are most concentrated. 
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Figure A.1: Image collage of the transverse cross section of layer one in Build One. 
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Figure A.2: Image collage of the transverse cross section of layer two in Build One. 
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Figure A.3: Image collage of the transverse cross section of layer three in Build One. 
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Figure A.4: Image collage of the transverse cross section of layer four in Build One. 
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Figure A.5: Image collage of the transverse cross section of layer five in Build One. 
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Figure A.6: Image collage of the transverse cross section of layer one in Build Two. 
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Figure A.7: Image collage of the transverse cross section of layer two in Build Two. 
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Figure A.8: Image collage of the transverse cross section of layer three in Build Two. 
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Figure A.9: Image collage of the transverse cross section of layer four in Build Two. 

Martensite 
pocket 



 

115 
 

 
Figure A.10: Image collage of the transverse cross section of layer five in Build Two. 
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