
ABSTRACT 

TARAFDER, PRITHWISH. Characterization of Mechanical Properties and Evaluation of 

Methods for Grain Control of Copper Fabricated Using EB-PBF Process. (Under the direction of 

Dr. Timothy J. Horn and Dr. Russell E. King). 

 

 

Pure copper with 99.95% relative density, 99.8% relative thermal conductivity, and >100% IACS 

(International annealed copper standard) electrical conductivity has been fabricated by several 

research groups using the electron beam powder bed fusion (EB-PBF) process. However, 

characterization of its mechanical properties is rather incomplete as majority of the existing 

literature report properties in as-fabricated condition only. In the first phase of this research, 

uniaxial tensile testing and microhardness measurements of unalloyed copper samples fabricated 

by three different post-processing conditions (as-fabricated, vacuum annealed, and hot isostatic 

pressed (HIP)), and two different orientations (parallel and transverse to the build direction) are 

conducted to characterize the effects of post-processes on the mechanical behavior of copper. 

Results show that mechanical properties comparable with annealed cast or wrought products can 

be achieved, while failure is largely controlled by micro-void coalescence resulting into ductile 

dimples. Additionally, build orientation is found to be one of the most significant factors, which 

introduces anisotropy in the properties due to epitaxial columnar grains formed along the build 

direction, as commonly seen in additive manufacturing. Typically, this anisotropy is mitigated by 

changing the process parameters and/or modifying the solute contents to promote heterogeneous 

nucleation, thereby increasing the possibility of more equiaxed grain formation. However, in EB-

PBF of pure copper, this is particularly challenging because of its high thermal conductivity, and 

the demand for high purity for its applications.  The second phase of this research, therefore, 

examines the possibility of achieving columnar to equiaxed transition (CET) in copper by first 

assessing the effects of process parameters of EB-PBF alone, followed by the effects of solute 

modification of feedstock powder. With the first solution approach, a CET map is developed using 

the rapid solidification models for the Cu-O system, two most abundant elements found in the 

powder feedstock, while the EB-PBF process is simulated for different process parameters via a 

numerical thermal model. The resultant thermal gradient and solidification velocity values are then 

plotted on the CET solidification map to understand the underlying solidification kinetics that led 

to the formation of either columnar or equiaxed grains. It is observed that the thermal gradient 



obtained from the numerical simulations of process parameters from both literature and present 

study is too high to result in any equiaxed grains. CET can be theoretically achieved in copper 

when the melt current, substrate temperature, and scan velocity are high enough to result in low 

thermal gradients and high solidification velocities, as inferred from the CET and the thermal 

model. Although these favorable processing conditions can lead to greater undercooling conducive 

of equiaxed grain formation, defects like swelling due to high energy input prevents the application 

of such process parameters. Therefore, the alternative approach proposed for microstructure 

control examines the solutal effect of Cuprous Oxide (Cu2O) instead of commonly used rare earth 

element oxides as the former dissociates at high temperature leaving behind pure copper, as 

observed from the vacuum annealing tests. The CET becomes more probable for higher oxygen 

content as it restricts the columnar front growth by increasing the constitutional undercooling 

ahead of the solid liquid interface. Moreover, the ability to process copper at high substrate 

temperature increases because of the improved flowability of copper powder with high oxygen 

content. Results show that copper with moderate level of oxygen content produces equiaxed grains 

along the build direction, and extra oxygen content can be reduced to the ETP copper specification 

after the vacuum annealing treatment. In effect, it is proposed that oxidized copper powder along 

with the modified process parameters obtained from the thermal model can be used for grain 

refinement, ultimately achieving greater isotropy in its properties.  
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1 Introduction  

 

1.1 Background 

Developed in the 1980s, additive manufacturing (AM) is gaining increased attention and 

interest due to the substantial increase in the demand for high performance materials with added 

functionalities (such as internal cooling channels, foam, or mesh structures with higher strength to 

weight ratio etc.), and increased complexities in geometrical design. Some of the AM processes 

require no post-processing or minimal post-processing, and the produced parts can be directly used 

in practical applications (Gokuldoss et al., 2017). Because the melting occurs in layers of pre-

alloyed/ pure metal feedstocks forming small melt volumes that solidify rapidly, the resulting solid 

microstructure can achieve unique, directional, and epitaxial microstructural features. The material 

properties used within specific structural components can also be designed in a location specific 

manner in order to meet any performance requirement that is not even imaginable with traditional 

metal forming and subtractive techniques (Francois et al., 2017; Mahamood et al., 2014). There 

are a few papers that present excellent, general overviews of AM, and are great for acquiring 

fundamentals of the process (Calignano et al., 2017; DebRoy et al. 2018; Frazier, 2014; Herzog et 

al., 2016; Horn and Harrysson, 2012; Murr et al., 2012; Sames et al., 2016).  

Additive manufacturing (AM) of pure copper and its alloys has been explored for past two 

decades leveraging the aforementioned advantages to cater to high efficiency electrical, thermal 

management, electronic, aerospace, and radio frequency (RF) photo-injector industries where the 

primary requirements from the fabricated components are high thermal and electrical conductivity 

at par with conventionally produced copper parts (El-Wardany et al., 2018; Frigola et al., 2008; 

Gamzina et al., 2017; Tran et al., 2019). However, as indicated in the literature, AM processing of 

pure copper faces different challenges due to its characteristic material properties. For example, 

the high thermal conductivity of copper readily transfers the heat away from the melt pool leading 

to high thermal gradients. Fabrication defects such as delamination, layer curling, etc. occur due 

to induced residual thermal stress because of this rapid heat dissipation. Also, its high affinity 

towards oxygen even at room and/or low temperature makes the production of AM feedstock 

difficult with respect to its processing conditions, storage, and logistical methods (Rhodin, 1950; 

White and Germer, 1942). Specifically, laser powder bed fusion of pure copper is difficult due to 
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low absorptivity of the bulk material (2 to 6%) for conventional wavelength of over 1 micrometer 

in economically available laser AM systems (El-Wardany et al., 2018; Jadhav et al., 2019; Tran et 

al., 2019). Because of this low absorptivity, higher beam power is needed to melt the powder bed, 

rapidly increasing the liquid temperature due to higher absorptivity of the liquid phase. This 

mismatch leads to the formation of spatter, keyhole porosities, or other types of defects due to 

higher recoil pressure and more pronounced Marangoni effects at higher melt temperature 

(Khairallah et al., 2016; Xie and Kar, 1999). Moreover, the inert atmosphere in a laser powder bed 

fusion (L-PBF) system can lead to oxidation of the molten metal, and thereby decrease the purity 

of solid copper upon fabrication. In electron beam powder bed fusion process (EB-PBF), the great 

mismatch of thermal conductivities between the powder bed and solid copper results in a non-

uniform heat dissipation over the build layer, further leading to possible warpage, evolution of 

thermally induced residual stress etc., as mentioned earlier. Nevertheless, fabrication of copper in 

EB-PBF is still more favorable than L-PBF because of higher absorptivity of electron beam, and 

processing under high vacuum conditions that prevents any significant amount of oxygen pick up. 

Therefore, EB-PBF processing of copper is gaining more research interest to fabricate complex 

copper components along with the desired property. 

 

1.2 Research Motivation 

Although stable process conditions mostly for prismatic part shapes have been achieved in 

EB-PBF of pure copper via systematic experimentation processes, mechanical and metallurgical 

characteristics of fabricated components are still under investigation. Specifically, the mechanical 

properties under common post-processing condition, and microstructural evolution under different 

solidification conditions are extremely important to understand the holistic behavior of EB-PBF 

processed copper. In the first phase of this research, mechanical characterization of differently 

post-processed copper is conducted to understand the effects of selected process conditions. This 

characterization is helpful for designing the manufacturing process sequence of components aimed 

at a particular application. In the second phase of this research, theoretical and experimental 

methods are used to control the microstructure of the solidified material. Preliminary experiments 

and existing literatures reveal a columnar grain structure along the build direction, which results 

in the anisotropy of properties. This second phase aims at achieving a transition to equiaxed grains 
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in parallel to build direction along with the equiaxed grain structure commonly found in transverse 

to the build direction. The hypothesis is that the resulting isotropy in grain morphology will reduce 

the anisotropy of properties observed thus far. Altogether, this research work seeks to understand 

the effects of processing conditions and proposes methods that can fabricate copper components 

with improved properties. 

 

1.3 Structure of the Thesis 

Chapter 2 describes the mechanical characterization of EB-PBF fabricated copper in detail 

and examines the effects of process-related variables. This chapter presents the effects of selected 

variables on key mechanical property metrics and serves as the baseline for the next phase of 

research on grain control. The methods for controlling the microstructure can be divided into two 

categories. In Chapter 3, the first method is presented, which deals with the modification of process 

parameters only. A columnar-to-equiaxed transition (CET) model is developed for EB-PBF of 

copper that can be used for predicting the grain structure for a given process parameter set. 

However, difficulties in processing within the proposed parameter space led to the research of the 

second method for grain control, which is presented in Chapter 4. This chapter deals with the 

solutal modification of copper powder feedstock to achieve heterogeneous nucleation and hence, 

suitable solidification conditions that can lead to CET in the grain structure. Preliminary 

experimental results presented in this chapter illustrate the feasibility of this method showing 

equiaxed grains along the build direction. Chapter 5 submits the future work envisioned for further 

understanding of the proposed methods of producing pure copper parts with improved properties 

by the EB-PBF method. 
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2 Mechanical characterization of EB-PBF fabricated copper under different 

post-processing conditions 

 

2.1 Introduction  

Mechanical characterization of additive manufactured copper has been done primarily in 

as-fabricated conditions. This precludes the analyses of the effects of different post-processes such 

as annealing heat treatment, densification, etc., on the resulting microstructure and mechanical 

properties. Therefore, characterization of such post-processes is required to better understand the 

expected mechanical behavior of additive manufactured copper processed through different routes. 

In this chapter, uniaxial tensile test and microhardness measurement of EB-PBF fabricated copper 

are conducted where different post-processes (as-fabricated, vacuum annealed, and hot isostatic 

pressing) and different orientations (parallel and perpendicular to build direction) are examined to 

identify their influences on the mechanical response of the material. First, a brief literature review 

on AM of copper is presented, followed by the description of methods and materials used for the 

fabrication purposes. Next, test results are presented and discussed in light of grain size, dislocation 

features, and second phase oxides that contribute significantly to the observed differences among 

different post-processes. Besides identifying these factors for different mechanical responses, the 

result indicates at the need for a reduced columnar grain fraction along the build direction to reduce 

the morphological anisotropy, and subsequently, to reduce the effect of build orientation. 

 

2.2 Literature Review 

2.2.1 Laser powder bed fusion of copper 

Most of the publications on the L-PBF of pure copper discuss the process feasibility as a 

function of process-related parameters, and solid density characterization of prismatic part shapes 

as the validation criterion. Among those who published experimental data on the mechanical 

behavior of L-PBF processed copper, Lykov, et al. (2016) were the first to demonstrate an ultimate 

tensile strength (UTS) of 149 MPa with a relative density 88.1%, processed in a conventional CO2 

L-PBF system.  Yan, et al. (2020) conducted a more detailed set of experiments using a range of 
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melt currents and scan velocities to characterize their effect on mechanical properties. For their 

best process parameter condition, an average of 99.1% relative density was achieved that also 

yielded best surface roughness values. As for the tensile tests, the authors reported an UTS of 

248±8.5 MPa, and elongation to failure 9.2±2.12 for the best process parameter set. Those values 

were observed to deteriorate as the process yielded either higher or lower energy densities, both 

leading to higher porosity fractions in the parts. Moreover, vacuum annealing of samples at 500°C 

fabricated with the best parameter set resulted in a lower strength and higher elongation, 

hypothesized to be caused by the coarsening of grains during the heat treatment process. Jadhav, 

et al. (2021) produced pure copper with 99.8% optical density in a customized laser system 

equipped with infrared fiber laser at a 1080 nm wavelength. Their study revealed that the maximum 

density was achieved when the melting process was in a transition between conduction mode and 

a keyhole mode, whereas, either melting mode led to lack-of-fusion or keyhole induced porosity, 

respectively, when the melting process operated at those two extreme situations. Mechanical result 

of the as-fabricated specimens recorded an average UTS of 211±4 MPa, yield strength of 122±1 

MPa, and an elongation to failure of 43±3%. While only the specimens with best density were 

tested for mechanical properties, samples fabricated outside the narrow stable processing window 

showed large fractions of process induced porosities that would ultimately result in an inferior 

mechanical and physical properties. Other authors have examined different aspects of process 

parameters for a better understanding of the resulting physical properties. For example, Colopi, et 

al. (2018) found that high power densities led to stable and defect-free solids with a relative density 

of 97.8±0.4%. Ikeshoji, et al. (2018) showed that other than scan velocity and melt current, hatch 

pitch was an important factor as that controlled the overlap of the incident beam between two 

neighboring scan lines. A relative density of 96.6% was achieved for a smaller hatch pitch, which 

resulted in more overlap, and thus, higher average energy input. Jadhav, et al. (2019) obtained an 

electrical conductivity of 83±3% to 88±2% IACS for different process inputs, and achieved a 

highest relative density of 98%. Silbernagel, et al. (2019) examined the effect of heat treatment on 

the electrical conductivity, and found that the post-process actually improved the conductivity 

owing to enhanced fusion between un-melted or un-sintered powder particles. El-Wardany, et al. 

(2018) investigated the effect of surface oxides on powder feedstock, which showed an increase 

in density at higher power input when the oxygen content is high. Trevisan, et al. (2017) produced 

an average relative density of 83.01%±0.13% with an ultrafine microstructure using a very fine  
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pure copper powder and high cooling rates. Several other research studies examined the system-

related issues, e.g. using ultrashort pulse laser at high frequency (Kaden et al., 2017), blue/green 

diode laser with shorter wavelengths (Heussen and Bremen, 2017; Masuno et al., 2017; Pelaprat 

et al., 2018) in an effort to produce a feasible processing space for copper in L-PBF systems. 

 

2.2.2 Electron beam powder bed fusion of copper 

In an early process feasibility study of copper in electron beam PBF system, Frigola, et al. 

(2014) examined the effect of different feedstock materials (99.99% pure and 99.8% pure), and 

showed that pure copper powder produces equiaxed grains with coherent annealing twins at high 

processing temperatures. A yield strength of 76 MPa was measured while the electrical and thermal 

conductivities measured 97% IACS and 390 W/m-K, respectively. Ramirez, et al. (2011) studied 

a highly oxidized copper powder with 98.5% purity that resulted in an incoherent precipitate of 

cuprous oxides along the columnar grains. They observed an increase in hardness (72 HV of 

powder to 88 HV of solid) because of the dislocation loops associated with the precipitates. 

Moreover, it was noted that hardness of the upper build region was much greater (88 HV) than that 

of the bottom part (57 HV), indicative of precipitation strengthening of the solid along the build 

direction. Lodes, et al. (2015) established a stable process window for fabricating 99.94% pure 

copper at different scan speeds and melt currents, ultimately leading to average relative densities 

greater than 99.5% with a maximum of 99.95% for their optimal process conditions. Raab, et al. 

(2016) utilized the process space developed by Lodes, et al. (2015), and characterized its  thermal 

and electrical conductivity that measured 400.1 W/m-K (99.8%) and 55.82 MS/m (96.24% IACS), 

respectively. On the other hand, Guschlbauer, et al. (2020, 2018) undertook a thorough mechanical 

study for different powder types (pure and oxidized) to examine the effect of build orientations, 

process parameters, and second phase copper oxides on the strength and ductility in as-fabricated 

conditions. Maximum UTS of 231.6±5.4 MPa in transverse to the build direction was obtained, 

whereas a maximum of 181.3±2.7 MPa was achieved in samples oriented parallel to the build 

direction. It was shown that increase in strength is associated with a decrease in ductility for all 

orientations. Fractographic results illustrated that cuprous oxides could act as crack propagation 

sites because of their brittle behavior compared with the softer matrix. For solids with higher 

oxygen content, the authors obtained an UTS of 177 MPa for samples that were oriented transverse 
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to the build direction. It was therefore concluded that oxides deteriorate the mechanical properties 

in the as-fabricated condition irrespective of their concentration. 

 

2.2.3 Binder jetting of copper 

Binder jetting (BJ) of pure copper is attractive as the process does not depend on the 

thermal or optical behavior of copper, and does not employ a sophisticated energy source requiring 

expensive tooling systems. Bai and Williams, (2015) experimented with different powder size 

distributions and sintering conditions to establish the processability of pure copper through binder 

jetting. Their mechanical study showed 116.7 MPa UTS achieved for samples sintered at 1080°C, 

whereas, only 8.4 MPa UTS was seen in samples sintered at 1040°C. Kumar, et al. (2017, 2019) 

took these baseline studies, and employed hot isostatic pressing (HIP) to further densify the solids 

after sintering in a hydrogen atmosphere. HIP, as suggested by several authors (Atkinson and 

Davies, 2000; Wei et al., 2008), is a widely used process for removing internal porosities. Kumar, 

et al. (2019) found that HIP improved the UTS of the samples made from bi-modal powder 

distribution, similar to Bai, et al. (2017), by 32% with the maximum value of 176 MPa along with 

an elongation of 67.2%. As for the electrical and thermal conductivities, samples with 97.3% 

relative density registered 96.6% IACS and 84.5% of theoretical values, respectively.  

 

2.2.4 Overall discussion 

A summary of the findings of these available studies is illustrated graphically in Fig. 2-1. 

Following attributes can be inferred with respect to the processing space, and its influence on the 

physical and mechanical properties of AM copper. 
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Figure 2-1. Processing space of PBF fabrication of pure copper [EB-PBF (A), L-PBF (B)] by 

taking the process parameters used in the literature. Major observations of L-PBF studies are 

highlighted along with reported solid densities. As majority of EB-PBF reported densities reach 

>99.5%, bed temperature is highlighted in Figure (A) instead of densities. 

 

1. Processing space of copper is different for L-PBF and EB-PBF, primarily due to 

the difference in thermal response of the powder based on the energy source. 

2. The PBF processes are able to achieve >99% relative densities if an appropriate 

processing space is selected that results into a suitable volumetric energy density. 

3. EB-PBF process is reported to achieve >100% IACS electrical conductivity with 

thermal conductivity close to 393 W/m-K. 

4. L-PBF process reports the highest UTS obtained in as-fabricated condition (248 

MPa), whereas BJ process achieves the highest elongation to failure in sintered and 

HIP condition (>67%). 

5. BJ produces almost equiaxed grains with grain sizes averaging ~25 µm; both L-

PBF and EB-PBF produce epitaxial columnar grains along the build direction with 

occasional grain lengths in millimeter range. While no build orientation effect on 

mechanical property is characterized in BJ and L-PBF processes, EB-PBF reports 

value differences ranging over 50 MPa in UTS. 

 

Important process parameters and obtained solid densities are presented in Tables 6-1 to 6-

3 in the Appendix A for a comprehensive understanding of the state-of-the-art of AM of copper. 
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2.3 Research Motivation 

From the literature review, it is apparent that the mechanical property characterization of 

PBF fabricated copper is conducted majorly in as-fabricated condition. However, it is well-known 

that densification methods such as HIP are used as a post-process in AM to improve as-fabricated 

part densities. Keeping all other factors constant, material density is observed to correlate with 

strength by power terms (German, 1996, p. 56), and as such, the effect of higher densities are clear 

in the strength values reported in L-PBF and BJ processes where higher UTS are obtained as the 

relative density approaches 100%. In EB-PBF process, lack-of-fusion type of defects are common 

that are formed perpendicular to build direction, and are attributed to behave as stress concentration 

sites during the plastic deformation process. Such process-related porosities can be reduced or 

eliminated by using HIP that employs high isostatic pressure at elevated temperature and obtains 

almost full part density. However, in a review by Seifi, et al. (2016), HIP is seen to have a mixed 

result in terms of its effect on the mechanical properties. In some material systems higher strength 

and ductility are obtained along with further densification, whereas in some cases, HIP coarsens 

the microstructure as a result of thermal activation and subsequently deteriorates the part strength. 

However, the effect of HIP on PBF processed pure copper is yet not conclusive and needs to be 

examined to validate its applicability as a post-process.  

Besides density, second phase constituents, impurity inclusions, and grain sizes are known 

to have influences on the mechanical response of materials too. However, purity levels used in 

most of the PBF fabrication of copper have been >99.9% except for a few studies such as that of 

Ramirez, et al. (2011) which specifically looked into the precipitate structure of copper oxides with 

an oxygen level exceeding 2000 wt. ppm. It is found from the literature that oxygen content greater 

than 300 ppm leads to a significant loss of ductility even at high part densities (Myers and Blythe, 

1981). Further, it is reported that oxygen present as a surface layer played a deleterious role in the 

fatigue life of copper by favoring crack formation during the early stages of the test (Thompson et 

al., 1956). Although oxygen at low to moderate concentrations is known to have no significant 

effect on the  electrical conductivity (Horn and Gamzina, 2020), process routes to reduce the 

oxygen content in fabricated specimens is desirable since it improves ductility and fatigue life of 

copper. It is shown by Nieh and Nix (1981) that annealing copper at 950°C under a vacuum 

atmosphere for several hours resulted in the dissociation of copper oxide and subsequent release 

of oxygen from the material owing to its low partial pressure in the system. This method proves 
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advantageous over other deoxidation processes as it reduces the internal oxygen content without 

the addition of any other elements, thereby retaining the desired level of purity of the fabricated 

part. In spite of this benefit, not enough research has been done on employing vacuum annealing 

as a post-process in AM of copper, although oxygen contents in the ranges of 188 to 545 wt. ppm 

and 100 to 700 wt. ppm have been reported by Guschlbauer, et al. (2020) and Ledford, et al. (2019) 

during the EB-PBF processing of copper, respectively. Grain size, on the other hand, influences 

strength and ductility of pure copper, especially in the low strain range, due to the contribution 

from the grain boundary fraction that reduces with coarsening of the grains (Carreker and Hibbard, 

1953). It is thus expected that the differences in grain sizes produced by the aforementioned post-

processes will result in different mechanical properties, necessitating their characterization to 

understand their overall impact. 

However, aspects such as the effects of densification post-process, vacuum annealing on 

oxide dissociation, change in grain sizes and other microstructural features as a function of post-

processes etc. are not well documented for EB-PBF processing of copper. Yet, different processing 

steps are known to alter microstructural features such as macroscopic grain sizes, dislocations, 

second phase constituents etc. that ultimately lead to different mechanical properties. For example, 

Torre, et al. (2004) observed a decrease in dislocation density and partial recovery in cell wall 

boundaries in equal channel angular extrusion of copper that led to increased ductility and reduced 

strength at higher number of passes. Hutasoit, et al. (2020) reported an increase in strength and 

ductility in cold spray additive manufactured pure copper annealed at 400°C for 1 hour in an air 

environment and attributed the change to the recrystallization and internal strain relieving of the 

as-deposited grains. On contrary, Yan, et al. (2020) observed a decrease in strength along with an 

increased ductility when the L-PBF processed copper was annealed at 500°C for four hours under 

a vacuum environment. Therefore, it is inferred that different post-processes influence the 

properties differently based on the process history of the material and raise the question as to what 

mechanical behavior can be expected from differently post-processed EB-PBF copper. Hence, in 

our study, room temperature uniaxial tensile test and microhardness measurements of copper 

specimens fabricated with different post-processing conditions are investigated. Some specimens 

are treated with HIP to examine if the process improves properties by densification or deteriorates 

them by microstructural coarsening, as mentioned previously. Vacuum annealing is conducted on 

other specimens to observe its effect on both oxygen reduction and mechanical response, while the 
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rest of the specimens remain in the as-fabricated condition. The experimental framework along 

with the description of the selected process-related variables are presented in the next section, and 

the results are discussed in view of the collective influence of bulk density, grain size, distribution 

of dislocations, and second phase oxides. 

 

2.4 Materials and Methods 

2.4.1 Powder feedstock 

Nitrogen gas atomized copper powder screened to -270/+635 mesh is obtained from 

Sandvik Osprey (Sandvik Osprey OFHC). The initial oxygen content of the powder is 457 ppm, 

measured using inert gas fusion (LECO OH836, copper protocol). Particle size measurement is 

carried out on a Microtrac S3500 using laser diffraction technique. The unalloyed copper powder 

chemistry is obtained using the inductively coupled plasma mass spectroscopy (ICP-MS) method. 

Powder morphology is observed using a JEOL 6010LA scanning electron microscope (SEM). 

 

2.4.2 Sample fabrication 

Five builds, each containing three rectangular blocks measuring 58.5 mm×12.7 mm×58.5 

mm are fabricated upon an 86 mm diameter and 40 mm thick oxygen-free copper base plate using 

a customized Arcam A2 EB-PBF system (Software version 3.2, SP2, Arcam AB), the details of 

which are described by Ledford et al. (2019). The nominal layer thickness is 40 µm. The powder 

bed temperature is measured by a thermocouple affixed to the bottom of the build substrate and is 

observed to be stable throughout the build duration within a range of 290°C-320°C. The vacuum 

level inside the chamber is maintained at 5×10-4 mbar. Table 2-1 and Table 2-2 show the process 

parameters used to fabricate the samples. As shown in Figure 2-2, this resulted in an average 

volumetric energy density of 92.3 J/mm3. As shown in Figure 2-3, in the overall experimental plan, 

the rectangular blocks are oriented 45° about the z-axis. The beam raster patterns are oriented 

parallel and perpendicular to the x-axis and rotated 90° each layer. The blocks are melted ñmodel-

wiseò, one by one so that each experienced nearly uniform scan line length (shown schematically 

on the front block within the build layout) and thermal history. Upon completion, the build volume 

is allowed to cool to below 30°C prior to removal from the build chamber. The powder cake 
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surrounding the parts is removed manually in an argon filled glove box maintained with an 

atmospheric oxygen content below 10 wt. ppm. The powder is passed through a 70-mesh screen 

to remove large agglomerations and blended with the primary batch prior to each reuse. Powder 

size and oxygen content of both the reused powder and fabricated solids are measured after each 

build. 

 

 

Figure 2-2. Processing space of EB-PBF fabrication of unalloyed copper adopted in this study, 

overlaid on the processing space reported by EB-PBF studies (shown in Figure 2-1 previously). 

 

Table 2-1. EB-PBF melt parameters used to fabricate the specimens used in this study (the 

parameters shown are specifically those that have been modified from the standard commercial 

parameter sets for Ti6Al4V, V3.2 SP2). 

Melting Parameter Value 

Surface Temp (°C) 600 

Power Analyze Max Current (mA) 25 

Power Analyze Min Current (mA) 8 

Beam Speed (mm/s) 1000 

Beam Current (mA) 8 
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Table 2-1. Continued. 

Max Current (mA) 8 

Focus Offset (mA) 18 

Speed Function 20 

Line Offset (mm) 0.13 

Change for Each Depth (mm) 0.02 

Heating Enable TRUE 

Max Heat Time (s) 5 

Melt Heating Use Process Power TRUE 

Heating Between Models TRUE 

 

 

Table 2-2. EB-PBF preheat parameters used to fabricate the specimens used in this study (the 

parameters shown are specifically those that have been modified from the standard commercial 

parameter sets for Ti6Al4V, V3.2 SP2). 

Parameter Value 

Focus Value (mA) 70 

Focus Value Heater (mA) 150 

Box Enable TRUE 

Box Size (mm) 85 

Offset to Part (mm) 0.1 

Max Current for Box (mA) 22.5 

Jump Safe Sweep Max Current (mA) 13.5 

Jump Safe Sweep Min Current (mA) 0.1 

Jump Safe Sweep Speed (mm/s) 14600 

Jump Safe Sweep Total Repetitions of Sweep 40 

Jump Safe Sweep Max Number of Sweeps 40 

Heating Enable TRUE 

Max Heat Time (s) 5 

Heating Between Models TRUE 

 

Figure 2-3 illustrates the experimental design. The orientation of tensile bars within each 

block is randomly assigned subject to the constraint that only specimens with a single orientation 

could be extracted from any one block. As illustrated in the figure, each as-fabricated block is cut 

into four tensile blanks using a bandsaw assigned as Z when the blank is cut with the long sample 

axis parallel to the build direction and X when the long sample axis is perpendicular to the build 

direction using ASTM 52921 nomenclature. Throughout this chapter, Z-oriented or vertical and 

X-oriented or horizontal are used interchangeably. Each of the tensile blanks is then randomly 

assigned to one of three treatment groups. Samples in the as-fabricated group are tested without 
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treatment, samples from the HIP group are subjected to HIP using a QIH15LMURC high pressure 

furnace (Quintus Technologies) with a heating rate of 10°C/min to 950°C, a dwell of 2 hours, and 

cooling at a rate of 10°C/min. The pressure is proportional to the temperature, and at 950°C is 165 

MPa. Several preliminary experiments were conducted at Quintus Technologies to identify this 

particular parameter that yielded high densities. Samples assigned to the vacuum annealing group 

are subjected to the same temperature profile in a tube furnace (Thermo-Scientific Lindberg/Blue 

M HTF55322C), but under vacuum at 5×10-5 mbar (5×10-9 MPa). After treatment, all samples are 

machined into ASTM E8 subsize specimens (specimen type 4). The surface finish of the machined 

specimens in the gauge region measured an average of 16 µin Ra using a stylus profilometer 

(Mitutoyo Surftest SJ210).  

 

 

Figure 2-3. Overall experimental framework highlighting the build layout and sample orientations, 

treatment conditions, and the ASTM Standard design of the test coupons used in the study. 

 

A summary is given in Table 2-3 that describes sample location, orientation, and post-

processing conditions for the tested samples. For a given process condition, recorded strength and 

part density values are seen to change by only ±5% of the average value for different location and 

builds, and thus, the effect of sample location and build number are not discussed within the scope 
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of the present study. However, it should be noted that several samples are lost during the machining 

process due to operational and tooling error, reducing the overall sampling space of different 

process conditions investigated in this first phase of research. Nevertheless, as the machining 

failure is not caused by any material-related irregularities, analysis of the rest of the samples 

remains valid and pertinent to the experimental hypothesis. 

 

Table 2-3. Summary of the location, orientation, and post-processing condition of the samples 

tested in this study. (AF= As-fabricated, HIP= Hot isostatic pressed, VA= Vacuum annealed; B= 

Bottom, M= Middle, T= Top). 

Build 

number 

Z-oriented samples X-oriented samples (locations) 

AF HIP VA AF HIP VA 

1 3 2 - 1 (B) - - 

2 1 2 - 3 (B, M, T) - 2 (B, T) 

3 2 - 2 - 4 (B, M, T) - 

4 - 1 2 - 3 (B, M, T) - 

5 1 - - - 1 (B) 1 (T) 3 (M, M, T) 

 

2.4.3 Uniaxial tensile test procedure 

After machining, each tensile sample is rinsed in ethanol and acetone to remove the surface 

machining contaminants. Specimens are mounted within a wedge grip in an ATS 1620C universal 

testing machine, pulled with constant crosshead speed of 0.254 mm/min (according to ASTM E8-

16a standard) using a load cell of 5 kN. Load displacement data are taken via TestVue® software 

for the entire duration of the test. For the measurement of elongation to failure, digital image 

correlation (DIC) is used alongside the conventional measurement of fracture length between two 

gage marks done for all samples. Although DIC is capable of measuring strain on a granular level 

based on the camera resolution (Lord et al., 2010; Pankow et al., 2010; Verhulp et al., 2004), the 

method largely depends on proper adherence of the speckle material onto the test material so that 

there is no relative motion between them. For materials that show small elongation to failure, DIC 

can be successfully employed for in-depth micro-strain analysis, as done by Karlsson, et al. (2014) 

for instance on additively manufactured Ti-6Al-4V tensile specimens. However, for EB-PBF 

 
1 Build was stopped due to powder shortage before it reached the height required for vertical 

samples.  
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processed copper, DIC is difficult because elongation of copper is high, and commercially 

available paint speckles tend to flake off of the specimen at these high elongations, lending the 

image analysis erroneous at those points. Moreover, as the specimens are of cylindrical cross-

section, the use of 2D-DIC relies upon a frontal rectangular strip data only, which may lead to 

directional strain anomaly in micro scales. Samples are ultrasonically rinsed in ethanol and acetone 

before they are painted with a white background coating and black speckles. As the elongation 

specification of dried paint is below that of copper, the paint is allowed to only settle under a dry 

cold air gun before the beginning of the test. This wet painting technique has been useful in 

polymeric materials and is seen to produce better results in copper than its dried state. As per the 

DIC setup, a 12.3 MP FLIR Grasshopper USB 3.0 camera with a pixel size of 3.45 µm is used 

along with a Canon 100 mm lens under appropriate illumination conditions obtained using two 

F&V K4000S bi-color studio lighting kits. Strain field mapping and elongation measurement are 

carried out using GOM Correlate software (2018 Hotfix 6, Rev. 117418), where selected speckles 

are tracked for making strain measurements. Figure 2-4 (D-E) show an example of such strain field 

mapping of a Z-oriented vacuum annealed specimen in the beginning and end of the test. The yield 

stress is calculated from a 0.2% offset from the linear portion of the stress-strain curve. The 

mechanical properties results are compared using ANOVA (JMP Pro 15. Ink) with pooled 

variance. Prior to analysis, the data are tested for normality using the Shapiro-Wilk test with the 

Ŭ-value of 0.05. 
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Figure 2-4. Fabricated blocks on a copper substrate (A), Machined tensile sample according to 

ASTM E8-16 standard (B), Overall tensile test set up showing the arrangement of DIC camera and 

lighting kits (C), Strain mapping of a Z-oriented vacuum annealed tensile sample in GOM 

Correlate software in the beginning(D) and the end (E) of the test. 

 

2.4.4 Metallographic analyses and microhardness measurements 

The grip section of each tensile bar is cut perpendicular to the longitudinal axis 

approximately 10 mm from each end. These samples, in turn, are sectioned longitudinally with a 

low-speed diamond saw (Buehler Isomet). The cut face is potted in phenolic resin and 

progressively ground using 400,600,1000,2000 and 4000 grit SiC paper with water lubricant. 

Samples are polished with 1 micron, 0.3 micron, and 0.05-micron alumina slurry, and etched with 

Ammonium Persulphate solution by submersion/swabbing for 10 seconds and rinsed to reveal 

grain structure under a Hirox KH7700 optical microscope. Four micrographs along the build 

direction are taken from each sample, and grain width is measured by the number of intersecting 

grains for a fixed length of line. For each image, ten equidistant lines are drawn, and the average 

values are taken for the determination of grain sizes. These same samples are indented for Vickers 
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microhardness measurements in a LECO M400 hardness tester under 100 gf load for a dwell time 

of 10 seconds. A total of ten indentations, 500 µm apart, are made along the direction of tension 

for both types of sample orientation, and the average values are reported. The sectioned grip end 

not used for metallographic analysis is used to measure the density of the sample using gas 

pycnometry (Quantachrome Ultrapyc 1200E according to ASTM B923-16 standard). 

Approximately 1 +/- 0.0002g of the same is sectioned longitudinally for oxygen content 

measurement with inert gas fusion (mentioned in §2.4.1). After tensile testing, a thin slice of the 

grip end along the build direction is cut and polished for as-fabricated, HIP, and vacuum annealed 

X-oriented samples for electron backscatter diffraction (EBSD) which is performed on the FEI 

Quanta 3D Field Emission Gun (FEG) equipped with an Oxford Instruments EBSD detector on a 

3mm×3mm area on samples extracted with a X-oriented orientation. Inverse pole figure maps and 

pole figures are generated with Channel 5 Tango and Mambo software, respectively. 

 

2.4.5 Fractographs and oxides characterization 

In order to reveal the overall fracture morphology, fracture surfaces of the tensile 

specimens are viewed under the SEM using standard operating conditions to understand the effects 

of the process-related variables. Representative specimens from each processing condition are 

further analyzed in a variable pressure scanning electron microscope (VPSEM) Hitachi S3200N 

under an acceleration voltage of 20 kV to obtain electron dispersive X-ray spectroscopy (EDS) 

maps of the specimen surface. Characterization of grain boundary oxides is carried out with 

STEM-EDS using a ThermoFisher Talos F200X TEM. The TEM samples are prepared with a 

Hitachi Ar-blade 5000 ion mill for 15 minutes prior to sample lift out, thinning and mounting with 

the FEI Quanta 3D FEG. 

 

2.5 Results and Discussion 

2.5.1 Powder characterization 

Figure 2-5A depicts the particle size distribution of the powder used in this study with a 

d10-d90 size range of 22 ï 63 µm and d50 value of 39 µm and demonstrates no significant change 

in particle size with reuse over the course of this study. Table 2-4 shows the chemistry of the initial 
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feedstock as measured by ICP where no significant contamination is detected. The oxygen content 

of the powder does show an increase during the study from an initial 457 ppm to a final value of 

630 ppm after the fifth run. While the raw material used to produce the powder is oxygen free 

(ASTM B170-99 class 1 OFE copper, C10100) with <5 ppm oxygen; the measured level of oxygen 

in the powder is similar to that of electrolytic tough pitch (ETP), C11000 with approximately 400-

600 ppm oxygen (Horn and Gamzina, 2020), and can be attributed to the thin layer of non-

passivating cuprous oxide and the high specific surface area of AM powders. This oxygen pickup 

can be difficult to avoid in practice and originates in the screening of powder to size fractions 

suitable for AM as well as from build-to-build powder handling. It is likely that special handling 

and monitoring, or techniques to reduce surface oxides may be required. While the oxygen is 

elevated in the feedstock powder, it is within the range of recent reports for 3D printed copper 

powder (Guschlbauer et al., 2020; Ramirez et al., 2011; Yan et al., 2020), where no AM related 

study has reported oxygen values for copper powder that approach the values of C10100. 

The SEM image shown in Figure 2-5B illustrates chiefly spherical morphology with 

scattered satellite particles attached to the powder surfaces, a typical feature of gas atomized metal 

powder. While the powder distribution is lower than that typically used by EB-PBF (45-106 µm), 

no detrimental effects on powder bed formation or electrostatic charging due to the size 

distribution are observed. It should also be noted that the higher electrical conductivity of copper 

mitigates the charge induced scattering common in other AM materials (Cordero et al., 2017). 

Horn, et al. (2018) also previously demonstrated improvements in the surface finish of EB-PBF 

produced copper associated with finer powder size distributions. 
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Figure 2-5. Particle size distribution of feedstock unalloyed copper powder used across the builds 

(A), and SEM image of the powder prior to the first build (B); scale bar shows 100 µm. 

 

Table 2-4. ICP-MS analysis of feedstock unalloyed copper powder prior to the first build. Values 

are reported in wt. ppm. 

Ag Cd N P Pb S Sb Sn Zn 

10 <1 2 5 2 8 <1 <1 <1 

 

 

2.5.2 Uniaxial tensile test results 

Figure 2-6A reports the density of samples from each treatment condition. The error bars 

shown represent a 95% confidence interval based on pooled variance of all samples. Within each 

treatment group no difference in specimen density is detected based on sample orientation, build 

number or location within the build. Mean density of the specimens ranges from 8.88 g/cm3 to 

8.92 g/cm3 (99.4 to 99.9% of theoretical). Specimens subjected to both vacuum anneal heat 

treatment and HIP exhibit a slightly higher density (8.91±0.01 g/cm3 and 8.92±0.01 g/cm3, 

respectively) compared to as fabricated samples (<p=0.0001), however no significant difference 

in density is detected between the HIP and vacuum annealed specimens (p=0.084). It should also 

be noted that the overall densification is relatively small from the as fabricated to treated conditions 

(only 0.45%) as the as-fabricated density is already 8.88±0.1 g/cm3. 

Figure 2-6B shows the effect of oxygen on post treatment. As noted previously, the oxygen 

content of the powder trended upward from build 1 to build 5, while within each build there is no 
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difference between the oxygen content of the powder and the solid specimens prior to treatment, 

and no difference in oxygen content is detected as a function of sample orientation. The as-

fabricated specimens and specimens subjected to HIP show no difference in oxygen content across 

all builds with average values of 468±47 wt. ppm and 466±43 wt. ppm, respectively. Specimens 

subjected to the vacuum annealing treatment are significantly different that the other groups, with 

an average oxygen content of 280±51 wt. ppm. With a vacuum annealing heat treatment of 950°C 

for 12 hours, EB-PBF produced copper specimens were previously shown to be reduced from 500 

wt. ppm to 30 wt. ppm (Horn and Gamzina, 2020). Nieh and Nix, (1981) had previously shown 

that annealing copper at 950°C under a vacuum environment resulted in the dissociation of copper 

oxide and subsequent evaporation from the surface. In this study the vacuum annealing time is 

limited to match the time and temperature profile of the HIP treatment. These data support previous 

results suggesting that vacuum annealing may be an effective method of removing oxygen from 

AM copper. Based on the low diffusion coefficient of oxygen in copper, however, wall thickness 

may be a practical limitation where high isothermal holding time and increased processing 

temperature will be required to promote the oxide dissociation (Magnusson and Frisk, 2013). 

 

 

Figure 2-6. Plots illustrating the effect of treatment condition on the density (A) and oxygen 

content (B) of copper produced by EB-PBF. Error bars indicate a 95% confidence interval based 

on the pooled variance of all samples. 

 

The plots in Figure 2-7 report the measured mechanical property results from the 

experiments, including UTS, yield, elongation, and microhardness in the as-fabricated condition 
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and after post processing conditions for each orientation. ANOVA fails to detect any significant 

difference in UTS, yield, or elongation within each treatment group associated with the sample 

batch number (p>0.15), the block number from which the samples are harvested (p>0.41). These 

trends are observed in Figure 2-7 where the mechanical properties data are plotted with test 

orientation and treatment condition. 

The X-oriented specimens exhibit higher UTS compared to Z-oriented specimens for all 

three processing conditions, as-fabricated with 211.2±14.7 MPa and 177.2±8.5 MPa (p=0.0003), 

HIP with 195.7±2.2 MPa and 175.3±4.3 MPa (p<0.0001), and vacuum annealed with 195.5±3.8 

MPa and 166.2±17.6 MPa (p=0.0007), respectively (see Figure 2-7A). The average yield stress, 

measured from a 0.2% offset from the linear portion of the stress-strain curve, is observed to vary 

between as-fabricated, HIP, and vacuum annealed specimens, regardless of orientation, as 

illustrated in Figure 2-7B. No significant difference is detected in the measured yield stress 

between the X and Z specimens in the as fabricated condition with 101.4±27.9 MPa and 102.5±19 

MPa (p=0.931) respectively, after HIP 87.3±9.9 MPa and 74.5±7.6 MPa (p=0.0475), or after 

vacuum annealing, 56.7±9.4 MPa and 52.2±12.3 MPa (p=0.42). The as-fabricated samples 

consistently have the highest yield values, averaging just over 100 MPa, but also the widest 

variance due most likely to residual defects such as localized un-healed layer defects. The HIP 

treatment has an average midrange value for yield stress, ~20% lower than the as-fabricated 

condition, and a reduced scatter for both orientations (p=0.0016). Consistently low yield stress 

values are observed in the vacuum annealed samples, ~46% lower than the as fabricated-condition 

(p<0.0001) and ~32% lower than the HIP condition (p<0.0001). 

While the strength values are observed to be influenced by harvest orientation (UTS) and 

post-treatment condition (0.2% yield); the most obvious property affected is elongation, as shown 

in Figure 2-7C. On average, the elongation of the Z-oriented specimens (53.9±13.4%) is 93% 

higher than the X-oriented specimens (27.9±5.5%) in the as-fabricated condition (p=0.0005), 77% 

higher (63±9.7% Z-oriented, 35.5±4.1% X-oriented) in the HIP condition (p<0.0001), and 56% 

higher (62.5±14.8% Z-oriented, 40±5.2% X-oriented) after vacuum annealing (p=0.0018). The 

elongation of the as-fabricated Z-oriented specimens approaches the expected values for annealed 

copper (Davis, 2001; Guschlbauer et al., 2020). The mechanical properties of the as-fabricated 

specimens in Figure 2-7 are similar to those reported by Guschlbauer, et al. (2020, 2018) for 

specimens at 99.5% density and 188 ppm O2. Their reported as-fabricated samples had UTS of 
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231.6 MPa (X-oriented) and 177 MPa (Z-oriented), yield 149.8 MPa (X-oriented) and 78 MPa (Z-

oriented), and elongation ranging from 56.2-59.3 %. The microhardness data in Figure 2-7D show 

a similar trend to the yield data. The mean data and confidence interval values do not exhibit strong 

separation between sample treatment or harvest orientations, where all mean values exceed 50 HV 

reported for annealed copper (Davis, 2001). The hardness data are also similar to two reported 

hardness values of pure copper processed by EB-PBF. The hardness in this study is greater than 

that of Guschlbauer, et al. (2018) reported at 57.3 to 57.8 (HV0.05), whereas higher hardness 

reported by Ramirez, et al. (2011) at 88 (HV0.1) is possibly due to high oxygen content powder 

used in their study.  

 

 

Figure 2-7. Mechanical properties summary and selected statistical observations; Ultimate tensile 

strength (A), Yield strength (B), Elongation to failure (C), Vickers microhardness (D). Error bars 

indicate a 95% confidence interval based on the pooled variance of all samples. 
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From Figure 2-7, it is seen that the build direction of the specimen significantly influences 

the mechanical properties because of the epitaxial columnar grain structure formed along the build 

direction. AM parts develop such wiggling columnar microstructure along the build direction 

because of the periodically changing direction of the scanning beam and resultant heat flow 

gradients within the melt pool of adjacent layers, as noted by several authors (DebRoy et al., 2018; 

Rafi et al., 2013). Based on the build orientation of the specimen, this columnar microstructure is 

differently loaded along their grain boundaries. In case of vertical specimens, pulled parallel to 

build direction, the grain boundaries lie parallel to the loading direction and dislocations can move 

along the boundaries with less impediment effects. This leads to easier dislocation pile up and 

considerably larger plastic flow of the material, without considering the other stress concentration 

factors such as inclusion particles and lack of fusion defects, etc. In contrast, the horizontal 

specimens have the dislocations moving perpendicular to the grain boundaries that require more 

force to propagate, and hence, the higher UTS values. However, the overall plastic deformation is 

less than that of the vertical specimens due to shorter dislocation movement, as schematically 

shown in Figure 2-8. 

 

 

Figure 2-8. a. Z-oriented sample, b. X-oriented sample; yellow arrow shows pulling direction; 

dislocation pile up near GB is shown in red. 

 

Figures 2-9 (A-F) show the etched microstructure of representative as-fabricated, vacuum 

annealed, and HIP specimens along the build orientation denoted by the yellow arrow. Such 
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epitaxial columnar grains result in a contrasting fraction of grain boundaries between the vertical 

and horizontal specimens, ultimately leading to the significant difference in strength and ductility 

observed between two orientations. Grain size measurement by linear intercept method shows a 

slight coarsening in grain width and length as specimens are heat treated either via vacuum 

annealing or HIP. The average grain widths of HIP and vacuum annealed specimens are ~110 µm 

and ~120 µm, compared to ~90 µm in the as-fabricated condition. However, because of grain 

epitaxy, length varies between 600 µm and 1000 µm among the treatment conditions. Although 

the temperature used in HIP and vacuum annealing is almost 0.9×Tm, it has been shown in other 

material systems fabricated via AM methods that high temperature heat treatment do not lead to 

significant change in grain structure or a complete recrystallization (Molinari et al., 2010; Saeidi 

and Akhtar, 2018; Shamsujjoha et al., 2018).  
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Figure 2-9. A-C. Grain morphology of representative specimens along the build direction from 

different post-processing conditions; D-F. Average grain width measured considering all samples 

for each process condition; scale bar shows 200 µm. Arrow indicates the build direction. 

 

For metal or metal alloys which tend to form such columnar anisotropic microstructures, 

fabricated by processes such as drawing, rolling, forging, or additive manufacturing, it is generally 

accepted that the properties differ by orientation due to the anisotropy (DebRoy et al., 2018; Dieter, 

1976; Guschlbauer et al., 2018; Kok et al., 2018; Lewandowski and Seifi, 2016; Mooney et al., 

2019; Reed-Hill, 1973; Shamsujjoha et al., 2018; Yang et al., 2018a).  Therefore, EBSD is 

performed on selected samples fabricated in this study to explore the influence of crystallographic 

texture of EB-PBF processed unalloyed copper. Figure 2-10 shows reconstructed IPF maps and 

pole figures, respectively, for A, D) as-fabricated, B, E) HIP and C, F) vacuum annealed samples 

harvested in the X direction. 
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The reconstructed EBSD maps in Figure 2-10 (A-C) illustrate columnar grains and a mix 

of crystallographic orientations. The pole figures for (100), (110) and (111) planes in the as-

fabricated X-oriented specimen shows no strong texture at (100) projection in Figure 2-10D, which 

is often reported in AM fabricated specimens, regardless of the material system or fabrication 

process (DebRoy et al., 2018; Guschlbauer et al., 2020). The (110) and (111) pole figures also 

show no strong texture in the as-fabricated specimens. Guschlbauer et al. showed similar results 

where an IPF and orientation map with orientation distribution function figures for (100), (110) 

and (111) showed no observable crystallographic texture (Guschlbauer et al., 2020). Figure 2-10E 

shows pole figures for the HIP condition revealing an amount of imperfect texture in the <111> 

and <110> directions for the (100) projection and [ρρπ texture in the (110) projection, however 

no heavily textured patterns were observed. The pole figures in Figure 2-10F for the vacuum 

annealed condition reveal virtually no observable texture except for the <010> direction detected 

in the (100) projection. The yellow and red (6-8) MUD spots in Figure 2-10 (E-F) are most likely 

large grains or localized clusters of sporadic measured planes and considered not representative of 

the entire fabricated specimens.  

Most of the literature reported on mechanical properties of PBF and directed energy 

deposition (DED) are in a narrow material space, often focusing on commercially available alloys 

such as Ti-6Al-4V, IN718, 304 SS, 316L SS, Co-28Cr-6Mo, among others (DebRoy et al., 2018; 

Lewandowski and Seifi, 2016). In pure metals and alloys produced by AM, many other factors 

influence strength and ductility in specimens exhibiting columnar grains and crystallographic 

anisotropy, which complicate the interpretation of properties results. Reports across a number of 

alloy systems and AM processes report no clear trends in mechanical properties with test 

orientation and post-treatments where factors such as porosity, layer-induced defects, residual 

stress, oxidation, precipitation or allotropic phase changes, localized cracking, among others, can 

have a significant impact on test results (Barkia et al., 2020; DebRoy et al., 2018; Kok et al., 2018; 

Lewandowski and Seifi, 2016; Mooney et al., 2019; Thijs et al., 2013; Wang et al., 2016).  
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Figure 2-10. Inverse pole figure maps of as-fabricated, HIP, and vacuum annealed specimens 

along the build direction shown with an arrow alongside the scale bar (A-C); pole figures of as-

fabricated, HIP, and vacuum annealed specimens (D-F), respectively. The scale bar is multiple 

uniform distributions for the pole figures ranging from 1 ï 9. 
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Since our study used unalloyed copper and samples are fabricated to high densities at 

temperatures exceeding 300ᴈ, some of the effects often reported in PBF and DED studies such as 

frequent layer defects, residual stress, precipitation, and micro-cracking become less influential. 

While no cube or strong crystallographic texture is measured by EBSD in any of the X-orientation 

samples, columnar grains were clearly observed and may explain the differences in our mechanical 

properties, especially elongation and UTS. In a strain and defect-free pure metal system, 

dislocation motion in the direction of long, thin grains would have more unobstructed movement 

in comparison with deformation across narrow grains, experiencing frequent grain boundaries. 

Therefore, the tensile samples harvested from the blocks in the build direction had significantly 

higher elongation as compared with the specimens harvested perpendicular to the build direction 

where fewer grain boundaries and oxides were present to impede deformation. The samples 

harvested in the X direction had consistently higher UTS compared with those in the Z direction 

due to significantly more interactions with grain boundaries and oxides during deformation, 

regardless of treatment. The yield is observed to be influenced by treatment conditions regardless 

of orientation and most likely is the result of any remaining residual stress which may resist initial 

deformation. These residual stresses, caused by the numerous thermo-mechanical cycles during 

the fabrication process, affect the bulk yield strength on a macro-scale where high yield strength 

values are reported for AM-processed materials with high internal residual stresses (Lewandowski 

and Seifi, 2016). Heating close to 0.9 × Tm as used in this study for HIP and vacuum-annealed 

samples and led to residual stress relief, thus resulting in lower yield strength and microhardness 

values, as shown in Figure 2-7B,D. 

Fracture surfaces are observed with SEM to explore the ductile fracture. Figure 2-11 shows 

representative examples of fracture surfaces for tensile specimens from each post-process 

condition for both harvesting orientations. The fractography indicates a transgranular fracture 

mode, forming the ductile dimples distinctive of soft materials like copper. In the case of the as-

fabricated specimens, a shear zone at the outer edge is seen, followed by a ductile area in the 

middle of the sample. The ductile dimples are the manifestation of micro-void nucleation and their 

coalescence event, while the large size voids are the result of nucleated cavities or process-induced 

porosities (Ghahremaninezhad and Ravi-Chandar, 2011). Further, the number and distribution of 

shallow dimples are varied with respect to the orientation of the specimens as observed especially 

in vacuum annealed and HIP specimens. X-oriented samples show finer dimples more closely 
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spaced than the Z-oriented specimens where plastic strain is higher, most likely due to the 

increased length of dislocation mean free path. However, the fractographs of the HIP specimens 

are markedly different from the as-fabricated conditions due to the presence of micron-scale oxides 

within many ductile dimples. This is notable because there was no difference in the measured 

oxygen content between the as-fabricated and HIP specimens, and it suggests that the high 

temperatures during HIP likely facilitated the mobility of oxygen and a subsequent growth of grain 

boundary Cu2O particles. These large scale oxides appear on the dimples due to the stress 

concentration and dislocation movement around them during the deformation process, similar to 

what is previously illustrated in as-fabricated EB-PBF copper by Guschlbauer, et al. (2020) and 

sintered cold-sprayed AM copper by Hutasoit, et al. (2020). However, no feature of brittle failure 

such as cleavage facets is found in any type of specimen, suggesting that the incoherent copper 

oxides do not embrittle the copper parts at the concentration levels measured in the specimens. 

The vacuum annealed samples also exhibited large scale oxides compared to the as-fabricated 

specimens. However, these tended to be fewer and more widely dispersed along the grain 

boundaries than the oxides observed in the HIP samples. This is primarily attributed to the 

dissociation of oxide and low oxygen concentration measured after vacuum annealing. 
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Figure 2-11. Fractographs of tensile specimens; top two rows: Z-oriented specimens (as-

fabricated, HIP, and vacuum annealed); bottom two rows: X-oriented specimens (as-fabricated, 

HIP, and vacuum annealed); Scale bar is linked with respective rows. 

 

In order to confirm that the oxides are native within the material, and not a result of mal-

handling after the tensile test, grip sections of representative specimens from each different post-

process condition are ion milled and analyzed in the VPSEM as mentioned in §2.4.5. Figure 2-12 

demonstrates the EDS maps of all processing conditions where the vacuum annealed, and HIP 

specimens show the presence of micron-scale copper oxides. However, under similar length scales, 

the as-fabricated specimen does not reveal any second phase oxides as their size is beyond the 

sensitivity limit of the EDS detector of the VPSEM instrument. This effect is manifested in the 

fractographs presented in Figure 2-11 that shows large oxide population for HIP and vacuum 
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annealed sample, and none for the as-fabricated sample under same magnification level used in 

the SEM observations. 

 

 

Figure 2-12. EDS maps of representative specimens from all processing conditions. Lower 

magnification EDS map of the vacuum annealed specimen is shown in the right to illustrate the 

spatial distribution of the oxides. Scale is shown in black bars. 

 

The STEM EDS maps in Figure 2-13 (A-B) illustrate that the oxides are mostly at nano 

scales (50-200 nm) formed at the grain boundaries in the as-fabricated sample, whereas in Figure 

2-13 (C-D), the oxide particles from the HIP specimen exhibit much larger size scales (2-4 µm). 

This asserts the coalescence of nano-scale oxides as a result of heat treatment which, in turn, 

increases the inter-particle spacing between these second phase oxides. As per the recent work of 

Lu, et al. (2021) on copper alloy processed by EB-PBF, the strengthening effect of second phase 

precipitates can be modeled using their size scale and inter-precipitate distances, assuming a 

spherical precipitate morphology. According to this relationship, samples with dense distribution 

of small-scale oxides will have more strengthening effect than the ones with large-scale and 

sparsely distributed oxides. Also, this increased spacing between the oxides in HIP and vacuum 

annealed samples promotes the void sheet formation with increased void spacing, and favor higher 
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ductility compared to the as-fabricated condition which has oxides at smaller nano-scale sizes with 

lower inter-particle spacing (Liu et al., 2004). 

 

 

Figure 2-13. STEM EDS maps of representative as-fabricated and HIP specimens illustrating the 

spatial distribution and size differences of copper oxide inclusions at the grain boundaries. Note 

the different length scales. 

 

2.6 Conclusions 

In this study, the effects of different post-processing conditions on the mechanical 

properties of EB-PBF fabricated unalloyed copper are characterized and discussed. Rectangular 

blocks are fabricated with automatic control settings from ~99.95% pure copper powder with a 

size distribution of 22-63 µm. Tensile specimens are extracted from these rectangular blocks with 

two different orientations and treated with HIP and vacuum annealing alongside the as-fabricated 

condition. The following conclusions summarize the major findings of this study: 

1. Mechanical properties of the as-fabricated specimens are observed to be similar to 

unalloyed annealed copper. X-oriented specimens have higher strength values across 

post-processes than the Z-oriented samples with an average UTS of 211 MPa. 
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Maximum elongation to failure is recorded for Z-oriented vacuum annealed and HIP 

specimen that showed average values of ~63%. 

2. With the density values reaching close to the theoretical density, the observed 

differences in UTS and elongation are proposed to be controlled by orientation 

anisotropy and interdependencies between the grain morphology and dislocation 

movement. Difference in yield strength is more pronounced between treatment 

conditions than the specimen orientation and is assumed to be affected by the 

differences in residual stress as a function of treatment conditions. 

3. Density of the specimens increases slightly after the HIP treatment with an associated 

increase in ductility and decrease in strength. As expected, the vacuum annealing 

process reduces the oxygen content within the specimen, also resulting in the lowest 

strength among all treatment conditions. 

4. The EBSD maps show no apparent texture in the as-fabricated specimens, and a slight 

amount of texture in HIP and vacuum annealed specimens. However, the effect of such 

texture in the mechanical properties is outweighed by morphological anisotropy due to 

the epitaxial columnar microstructure formed during the fabrication process. 

5. While all treatment conditions show a ductile failure mode irrespective of the sample 

harvesting direction, HIP and vacuum annealed specimens are noticeably different due 

to the presence of large micron-scale oxide particles within the dimples. It is suggested 

that the high temperature used in these post-processes promoted the coalescence and 

growth of grain boundary oxides which are mostly in the nano-scale size in as-

fabricated condition. This bigger oxide size led to larger inter-particle distances and 

resulted in increased void spacing that, in turn, increased ductility in HIP and vacuum 

annealed condition.  

 

2.7 Motivation for further research  

Mechanical property test results demonstrate that the overall strength values are still lower 

than the conventionally produced and L-PBF processed copper parts while the average elongation 

to failure is considerably higher. This is primarily due to the processing condition in an EB-PBF 

system where solidified material stays at an elevated surface temperature for a long duration, which 
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favors grain coarsening leading to increased grain sizes. A comparison with the mechanical 

properties of other AM literature of pure copper shown in Figure 2-14 reveals that the grain sizes 

in this study is considerably higher than the other studies, leading to a lower strength for similar 

bulk densities.  

Nevertheless, this similar effect of grain size on mechanical properties of conventionally 

produced pure copper has long been reported by several authors in room temperature and elevated 

temperature tensile tests. Copper parts produced by cold rolling, extrusion or equal channel angular 

processing tend to have fine or ultra-fine grains that lead to superior strength of the material 

(Carreker and Hibbard, 1953; Higuera and Cabrera, 2013; Hyun et al., 2001; Jenkins et al., 1957; 

Kommel et al., 2007; Lassila et al., 1994; Meyers et al., 1995; Sanders et al., 1997; You and Lu, 

2015). Annealing of such cold worked copper increases the grain size multifold of the precursor 

grains and leads to a reduction of strength associated with an improvement in ductility. It is, 

therefore, apparent that if the grain size in AM fabricated copper can be reduced by refining the 

microstructure within the process itself, leveraged design complexity of AM parts can still be 

realized without losing its mechanical strengths. With the goal to investigate the feasibility of grain 

refinement in copper in EB-PBF system, the next chapters describe the state-of-the-art and the 

methodologies adopted for this specific material. 
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Figure 2-14. Comparison of mechanical properties measured in this study and reported in the AM literature of pure copper. 
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3 Grain refinement and Columnar-to-Equiaxed Transition of EB-PBF 

fabricated copper by modifying process parameters 

 

3.1 Introduction  

Although the use of grain refinement techniques is common in casting of copper alloys, it 

is not investigated in the additive manufacturing of pure copper, which in general, results in long 

columnar grains along the build direction leading to anisotropic properties, as discussed in the 

previous chapter. As per the literature review of grain refinement of other materials in AM, thermal 

gradients and the cooling rate are the most critical factors during a solidification process, and these 

can be altered by modifying the process parameters. Usually, numerical thermophysical models 

are used to first obtain the thermal gradient and cooling rate specific to a process condition, and 

are checked with the columnar-to-equiaxed transition (CET) map of the respective materials to 

predict the grain structure on a macro-scale. However, due to the unavailability of a CET map for 

copper in the literature, a CET map based on Cu-O system is developed in this chapter since 

oxygen is the second most abundant element found in the chemical analysis of the feedstock 

powder. A numerical thermal model is utilized to simulate different process parameter sets 

reported in the literature to evaluate respective thermal gradients and cooling rates, which are then 

plotted on the CET map to validate the model assumptions by comparing theoretically predicted 

and experimentally obtained microstructures. Experiments are conducted to validate the usability 

of the CET map and the overall approach. The obtained results suggest that a columnar to equiaxed 

transition is difficult to achieve in EB-PBF processing of pure copper. Microstructural analyses 

reveal interdependencies among thermal gradient, cooling rate, input energy density, direction of 

thermal gradient etc. that influence the grain orientations, and subsequently, the grain selection 

process. However, utilizing the proposed CET map and the numerical thermal model enables a 

user to predict the obtainable grain structure with sufficient accuracy in the EB-PBF processing of 

pure copper. 
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3.2 Literat ure Review 

Grain refinement and CET in AM by modifying process parameter has been reported for 

IN718 and Ti-6Al-4V alloys by several authors. Raghavan, et al. (2017, 2016) investigated the 

possibility of site-specific control of microstructure in IN718 by utilizing spot melting strategies 

in EB-PBF process and observed that columnar grains form at the melt pool bottom at the onset of 

solidification due to the high thermal gradient and low cooling rate. However, the top surface 

showed equiaxed grains as the cooling rate increased and the thermal gradient decreased as a result 

of melt pool shrinkage. It was seen that high melt current, high preheat, and longer beam on time 

led to the conditions favorable of equiaxed grain formation. Another numerical study by 

Promoppatum, et al. (2017) on IN718 in the laser-PBF process showed that high melt currents lead 

to a low thermal gradient because of the larger melt pool size which resulted in less steeper 

distribution of heat. These aspects of the numerical study were further refined by Liu, et al. (2019, 

2018) by taking heterogeneous nucleation, grain selection mechanism, total undercooling, and 

solute distribution under consideration in a multi-scale phase field model. It was shown that the 

reason for columnar grains at melt pool bottom or equiaxed grain at melt pool surface could be 

correlated with the undercooling at respective zones that control the extent of heterogeneous 

nucleation. The authors confirmed that high scanning speed and high preheat temperature for both 

spot melting and raster scanning strategies led to increased growth velocities pushing the 

microstructure more toward the equiaxed zone in the CET map. Helmer, et al. (2016) studied the 

similar material system in an EB-PBF system for different scan velocity and line offset, and 

observed that a combination of low line offset and high scan velocity in a raster melt strategy led 

to greater fraction of equiaxed grains. The equiaxed grain formation was assumed to be caused by 

the change in the thermal gradient directions between each consecutive layer because of the 90° 

rotating scan strategy that suppressed the epitaxial grain formation. 

For the Titanium alloy systems, Bontha, et al. (2009, 2006) simulated laser engineered net 

shaping (LENS) using an analytical model originally proposed by Rosenthal, (1946) and a 

numerical finite element model to examine the effects of melt currents and scan velocities. It was 

reported that while the thermal gradient decreased with higher melt current, cooling rate decreased 

too. This competing behavior ultimately resulted in lower solidification velocities at the top surface 

where big equiaxed grains formed, contrary to the fine equiaxed grains observed in IN718. This 

led the authors to conclude that CET becomes easier with a higher heat input, although grain 
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coarsening can take place because of lowering cooling rate. Gockel, et al. (2014) studied the same 

alloy with a different approach to combine the CET map along with a beam power-beam velocity 

correlation map, so that computationally extensive numerical simulations could be avoided, and 

real-time control of microstructure could be achieved by changing beam power or beam velocity. 

Their experimental study showed that equiaxed grains formed at either high power-low velocity 

condition, or at low-to-medium power-high velocity condition. However, the technique depended 

largely on maintaining a constant size melt pool based on beam power and beam velocity 

modifications, and the approach did not explain the underlying mechanism for equiaxed grain 

formation. 

Several others have examined the effect of processing conditions on grain morphology 

evolution for different material systems in different AM processes. For example, Q Zhang, et al. 

(2016) and Q. Zhang, et al. (2016) examined the effect of energy densities on grain evolution in a 

variant of titanium alloy (Ti-6Al-2Zr-2Sn-3Mo-1.5Cr-2Nb) wherein they found that equiaxed 

grains formed near the substrate region because of their crystallographic orientation being 

favorable to a few thermal gradient directions in the melt pool. In another study of titanium alloy 

processed by laser melting deposition, Wang, et al. (2015) observed that the deposition rate of raw 

material feedstock significantly impacted the grain morphology if all other process parameters 

were kept constant. For large deposition rates, more equiaxed grain fraction was achieved owing 

to enhanced heterogenous nucleation and reduced depth of re-melting penetration. This similar 

effect of higher feeding rate was observed by several others in a PBF system where increased layer 

thickness is likely to produce a higher fraction of equiaxed grains, primarily due to the presence 

of a greater number of un-melted particles which can act as nucleation sites (Bermingham et al., 

2020; Gäumann et al., 2001). Summary of some of these studies is presented below in Table 3-1 

with reference to the examined process parameter and resulting grain structures to obtain an overall 

understanding of state-of-the-art of grain refinement in AM by modifying only the process-related 

parameters. 

 

3.3 Research Motivation 

The literature review shows that a combination of a CET solidification map and numerical 

thermal model can reduce the costly experimental observation by predicting the grain structure for 
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a given set of process parameters. Yet, to the best of our knowledge, no CET map exists for copper 

alloys for the elements present in the feedstock powder used in the EB-PBF process. Therefore, in 

this research, a CET model is developed for Cu-O system because of two reasons: (1) oxygen is 

the second most abundant element in the powder by weight per cent, (2) cuprous oxide is the only 

second phase that has significant influences on the properties of the fabricated components. Once 

the CET model is developed and validated, a numerical thermal model is used to calculate thermal 

gradient and cooling rate for given process parameter sets, where selected process parameters can 

be modified like the ones presented in Table 3-1. In this way, while an explanation for a specific 

microstructure under a given parameter set can be proposed, grain evolution can also be engineered 

when fabricating pure copper in an EB-PBF process by changing selected variables as required. 
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Table 3-1. Summary of grain refinement studies in AM by changing process parameters. 

Material 

System 

Investigated 

build 

Parameters 

Control Parameter 

Grain  

Examined Parameter 

Grain  
Reference 

Nickel 

alloy: 

IN718 

Beam on time, 

melt current, 

preheat 

temperature    

(Raghavan 

et al., 2016) 

Nickel 

alloy: 

IN718 

Scan velocity, 

line offset, 

scan strategy, 

energy density   

(Helmer et 

al., 2016) 

Titanium 

alloy: 

Ti-6Al-

2Zr-2Sn-

3Mo-

1.5Cr-2Nb 

Beam power, 

scan velocity, 

powder feed 

rate, energy 

density 
  

(Q. Zhang et 

al., 2016) 

Titanium 

alloy: 

Tiï6.5Alï

3.5Moï

1.5Zrï

0.3Si 

Feedstock 

deposition rate 

at constant 

beam power 

and scan 

velocity 

  

(Wang et al., 

2015) 

Titanium 

alloy: 

Ti-6Al-4V 

Beam power, 

scan velocity, 

melt pool 

dimension   

(Gockel et 

al., 2014) 
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Table 3-2. Nomenclature of symbols used in the CET model and their values. 

Symbols + Meaning (units) Values 

G = Thermal gradient (K/m) Response 

Gc = Concentration gradient (wt.%/m) Response 

V = Interface growth velocity (m/s) 10-5 ï 0.15 

V0 = Velocity of sound in the alloy matrix (m/s) 4600 

N0 = Initial nucleant density (/m3) 1016 

æTN = Nucleation undercooling (K) 0.75 

D = Diffusivity (m2/s) 1.14×10-6 e (62500/R
c
×T) 

C0 = Initial concentration (wt.%) 0.01 

ɻ = Gibbs-Thomson parameter 10-7 

k0 = Initial partition coefficient 0.0174 

m0 = Initial liquidus slope ╖  41.86 

a0 = Characteristic length scale for solute trapping (m) 4.27×10-10 

kv = Velocity dependent partition coefficient Response 

mv = Velocity dependent liquidus slope Response 

P = Solutal Péclet number Response 

n = Alloy constant 2 

Cl = Composition of the liquid at the dendrite tip (wt.%) Response 

æTc = Constitutional undercooling (K) Response 

æTr = Curvature undercooling (K) Response 

æTk = Kinetic undercooling (K) Response 

æTt = Thermal undercooling (K) Response 

a = Thermal diffusivity (m2/s) 1.11×10-4 

R = Dendrite tip radius (m) Response 

Pt = Thermal Péclet number Response 

Iv(P) = Ivantsov function Péclet number Response 

E1(P) = Exponential integral of Péclet number Response 

ɛ = Linear interface kinetic coefficient Response 

æH= Latent heat of fusion (J/kg) 206×103 

cp = Specific heat (J/kg K) 385 

æT = Total tip undercooling (K) Response 

◖ = Equiaxed grain fraction  0.49 

Rc = Universal gas constant (J/mol-K) 8.314 

Tm = Melting Temperature Phase diagram 
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3.4 Materials and Methods 

3.4.1 Development of Columnar-to-Equiaxed Transition (CET) model 

The powder feedstock used in the process comprises of pure copper along with some 

cuprous oxides as the only other principal element having substantial weight per cent (mostly <0.1 

wt.%), as shown in the previous chapter. A CET model based on Cu-O system seem scientifically 

valid since that will most closely capture the melt pool chemistry during its fabrication by the EB-

PBF process. What follows next is a step-by-step development of this CET model combining the 

concepts put forward by several authors, pioneered by Hunt (1984). The nomenclature of the used 

variables is presented in Table 3-2. 

It was pointed out by Hunt (1984) in his work on steady state solidification mechanism that 

pure metals usually solidify with a columnar structure while adding alloying elements promote 

growth of equiaxed grains. In his work, Hunt proposed both analytical and numerical solidification 

models to define the solidification mechanism for growth of equiaxed grains ahead of columnar 

fronts formed by heterogeneous nucleation. As the nucleation rate I is dependent on the critical 

Gibbs free energy ЎὋ, which in turn, is related to the undercooling as 
Ў

, enhanced local 

undercooling creates greater possibility of forming the equiaxed grains (see Equation 1). 

Ὅ ὔ ὔὍÅØÐ
ЎὋ

ὯὝ
ȣὩήὲρ 

Here N0 is total number of heterogeneous substrate particles originally available per unit 

volume, N is already nucleated particle number, kB is Boltzmann constant, and value of I0 is 

assumed 1020, a constant for the considered system. During the growth phase, dendrite tip 

undercooling is dependent on growth velocity V, temperature gradient G, and alloy composition 

C0. However, the   term in Equation 2 is significant if the gradient is very high and velocity is 

too low; otherwise, it can be neglected (Equation 3) where Ve is the equiaxed interface velocity. 

ЎὝ
ὋὈ

ὠ
ὃ ὅὠ  ȣὩήὲς 

ЎὝ
ὅὠ

ὃ

 
ȣὩήὲσ 

Equiaxed grains grow within the melt at a velocity dependent on the local temperature and 

their growth will be stopped when the newly formed grains impinge on one another, or a columnar 
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front pass through them. Under steady state conditions, defined as an unchanged number and size 

of equiaxed grains in a considerably large area for each temperature point with time as an 

overlaying constraint, fully equiaxed grains will grow when volume fraction (◖) of such will be 

greater than 0.49, or the extended volume fraction ‰ becomes greater than 0.66. In his analytical 

model of solidification, Hunt (1984) assumed that all nucleation sites operated at the same time as 

the nucleation temperature was reached, and the evolved heat during grain growth did not change 

the temperature gradient. Although in his numerical model he did not impose these assumptions, 

both models showed very similar results. Under the said assumptions, fully equiaxed growth can 

take place when the extended volume fraction ‰  expressed as 

‰  
τ“ὶὔ

σ
πȢφφȣὩήὲτ 

is satisfied at the columnar growth front undercooling temperature ɝὝ defined by Equation 

3. It is noted that Hunt considered only the effect of constitutional undercooling for nucleation 

phenomenon, and under this condition, Hunt proposed a solidification criterion for fully equiaxed 

grain growth as given in Equation 5, which occurs more easily as the value of the quantity 

άρ Ὧ ὅ, known as growth restriction factor, becomes larger. 

Ὃ πȢφρχὔ ρ
ɝὝ

ɝὝ
ɝὝȣὩήὲυ 

Application of this Hunt criterion shows that as the nucleation undercooling is decreased, 

for lower thermal gradient, more equiaxed grains can form at a given growth velocity. Also, for an 

increased number of nucleation sites, CET predicts a higher probability of equiaxed grains for a 

given thermal gradient and growth velocity. Cantor and OôReilly (2003, p. 201) supported Huntôs 

CET model observing that nucleation of new grains started at the constitutionally undercooled 

region ahead of solidification front, and a decrease in thermal gradient and/or increase in 

solidification velocity extended the undercooled region and favored the equiaxed grain formation. 

However, during a CET solidification scenario, cellular grains do not contribute to the 

development of a constitutionally undercooled zone and can never result in a CET unless there is 

external perturbation. Therefore only the columnar dendrite is modeled as the principal driving 

force that creates an undercooled liquid zone ahead of dendritic front due to its diffusion field and 

leads to nucleation of equiaxed grains at those sites (Kurz et al., 2001). Modeling of this columnar 

dendritic growth was done in the Ivantsov-Mullins-Sekerka (IMS) dendritic growth theory which 
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produced values of concentration and undercooling of a single dendrite tip as per Kurz and Fisher, 

(1984). However, an elementary model was prescribed by Kurz, et al. (2001) that could be applied 

to small driving forces and small growth undercooling in casting conditions, and is shown below 

in Equation 6, where K is an alloy constant and V is growth velocity. 

ɝὝ ὑὠȣὩήὲφ 

However, nucleation and growth depend upon the limit of stability where grain 

morphologies shift from planar to cellular to dendritic as the growth velocity increases, and then 

fall back to planar beyond the absolute limit of stability. The Langer and Müller-Krumbhaar (L-

M) stability criterion was modified by Kurz and Fisher (1981) to obtain relationships between 

growth velocity, dendrite tip radius, and thermal gradient for casting conditions (Equation 7). 

ὠ
ςὈὋὙ τ“ɜ

ρ Ὧ ὙὋ ςὙὅά τ“ɜὙ
ȣὩήὲχ 

Although the situation becomes different in AM due to its high growth velocity and high 

thermal conditions, Kurzôs proposed model can be approximated assuming constant solutal 

portioning coefficient and liquidus slope. For high velocity conditions, the dendrite tip becomes 

small, and its power terms can then be neglected when coupled with low-value parameters. Then 

the above relationship is reduced to Equation 8, as given below (Kurz and Fisher, 1981). 

ὠ
τὈ“ɜ

Ὧ ρὙὅά
ȣὩήὲψ 

This primary equation proposed by Kurz and Fischer in directional solidification process 

was further refined by Kurz, et al. (1986) for rapid solidification processes where high growth 

velocities, high thermal gradient, and large undercoolings rendered the use of previous L-M 

stability criterion erroneous. Instead, a more involved calculation based on solutal Péclet number, 

and solute concentration gradient was undertaken to establish the stability criterion. Under such 

conditions, it was assumed by the authors that stability criterion for a spherical planar interface 

could be employed which led to the calculation of dendrite tip radius at the limit of stability for a 

given growth velocity and thermal gradient value. These are shown below in Equation 9-10. 

Ὑ ς“
ɜ
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where  ‚ ρ Ƞ ὖ Ƞ Ὃ ȣὩήὲρπ 
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Based on this new stability criterion, Kurz, et al. (1986) proposed the Kurz-Giovanola-

Trivedi (KGT) model of grain morphology transition for alloy systems under rapid solidification 

processes considering the constitutional and curvature undercooling to be the driving forces for 

required undercooling of nucleation. Solving for R for a given velocity and thermal gradient 

predicted the transition event from one grain morphology to another, based on tip temperature and 

concentration profile at the solid/liquid interface (Equation 11-12). 

“ὠɜ

ὖὈ

άὅ ρ Ὧ ‚ὠ
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Ὃ πȣὩήὲρρ 

Where Ὅὺὖ ὖὩὼὴὖὉρὖȣὩήὲρς 

Gäumann, et al. (1997) employed both the Ivantsov model and the KGT model to obtain 

the concentration and temperature profile, respectively, ahead of the dendrite tip at the solid/liquid 

interface for high velocity directional solidification processes like welding or rapid solidification. 

However, unlike the KGT and Hunt model, Gäumann, et al. (1997) used the velocity dependent 

partition coefficient and liquidus slopes instead of the constant values used in the previous studies 

for the stability limit criterion ahead of dendrite tip (Equations 13-15). 
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In this model, Gäumann, et al. (1997) introduced constitutional, curvature, and kinetic 

undercooling for columnar dendritic growth, whereas in the case of equiaxed dendritic growth, the 

authors added another thermal undercooling term depending on the thermal diffusivity of the metal 

alloy. However, thermal undercooling was neglected in analyzing real solidification events (Eskin, 

2008; Gäumann et al., 1997) as it was compensated mostly by the thermal effect of latent heat of 

fusion; and high values of thermal diffusivity of metals resulted in insignificant values of thermal 

undercooling as the thermal Péclet number is inversely proportional to thermal diffusivities. 

Nevertheless, in CET models of materials used in AM, all four undercooling entities are used [e.g. 

(Plotkowski et al., 2017b)] and these are given below in Equation 16-17. 
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In effect, the total undercooling at the dendrite tip for equiaxed dendritic growth can be 

expressed as the following equation combining all four undercooling entities. Once this total 

undercooling becomes larger than nucleation undercooling, heterogenous nucleation within the 

melt can take place ahead of S/L interface at or below its limit of stability. 

ɝὝ ɝὝ ɝὝ ɝὝ ɝὝȣὩήὲρψ 

Based on these solidification kinetics concepts laid out for rapid solidification processes, 

the CET model for Cu-O is developed numerically in MATLAB. As the value of dendrite tip radius 

at the S/L interface is critical for the calculation of growth velocity, Equation 19 is used to calculate 

R numerically using the well-known bi-section root finding method. Once the value of R becomes 

known for a given velocity, all other parameters and variable values are then calculated to evaluate 

the thermal gradient for which equiaxed grains can form (using Equation 20). The CET curve can 

then be obtained by evaluating G for a range of V, within the limit of stability as established earlier. 

The entire process of solving these governing equations are shown schematically in Figure 3-1. 
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Figure 3-1. Schematic representation of MATLAB routine steps for the CET calculation of Cu-O 

system. 

Define constant terms specific to binary Cu-O 
system (m0, c0, k0, ɻ, N0, æTN, a0)

Compute velocity dependent terms based on 
initial velocity value (mv, kv)

Take initial guess of dendrite tip radius and 
calculate other parameters (Cl, P, Iv(P),G)

Run bisection method until the final equation 
become less than specified tolerance value

Take the final value of Rto calculate æT and G
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3.4.2 Sensitivity analysis of the CET model 

Although the CET model is extensively used in understanding the phenomenological 

evolution of grains during solidification, some of its variable values have to be assumed due to the 

scarcity of experimental data. A sensitivity analysis is therefore necessary to understand the 

influences of these variables and to validate the underlying assumptions for their chosen values. 

Since the model is non-linear, a region is chosen from the CET map where the thermal gradient 

and growth velocity can be approximated as a linear segment when plotted on a log-log graph. 

From there, the Elementary Effects (EE) method is used to examine the combined effects of 

selected variables on the model outcome. EE is a commonly used sensitivity analysis method that 

falls in between a local parametric study such as One-Factor-at-a-Time and its computationally 

expensive global counterpart such as Uncertainty Quantification (UQ) or other quantitative 

variance-based methods (Garcia Sanchez et al., 2014; Hu and Mahadevan, 2017). As developed 

by Morris (1991) and modified by Campolongo, et al. (2007), the EE method utilizes the 

discretized partial derivative of the response variable with respect to a chosen input variable within 

the ñregion of experimentationò where the levels of all input variables have a uniform probability 

distribution, thus eliminating any stochastic biases in the outcome. In this analysis method if there 

are k input variables (X) and each variable has p levels, then the region of experimentation becomes 

a grid of size (k × p). The elementary effect of each input variable, d (Xi), is then given by Equation 

21 (Campolongo et al., 2007) where y is the objective function, and X is the nominal level of the 

selected variable. 
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Two useful metrics (ɛi and ůi) can be extracted for each variable from this analysis which 

can be used to determine the influence of i-th variable. A low mean value (ɛi) signifies negligible 

effect of variable Xi, whereas a large value is possible when the effect is linear and additive. The 

standard deviation (ůi), on the other hand, implies interaction effects with other input variables, 

wherein small values signify negligible interaction and large values indicate to more interactions 

between variables. Although EE gives insight into the influences of significant variables, higher 
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order global sensitivity analysis is often performed if several input variables have high mean and 

standard deviation values. Here, the nucleation density, material dependent model exponent, and 

nucleation undercooling are investigated for their elementary effects on the CET model outcome, 

and are presented below in Table 3-3. The method itself involves calculations similar to finding 

the thermal gradient for a given velocity (0.05 m/s in this case, as G and V can be approximated as 

a linear segment within a velocity range of 0.01 m/s to 0.1 m/s with an R2 value of 98.17%), and 

the metrics ɛi and ůi are easily calculated using Equation 22. However, those standard deviation 

values will only be helpful for qualitative assertion of interaction. An exemplary discussion is 

given in (Fezi and Krane, 2016) where the authors used EE method for a thermal model used in 

direct chill casting. 

 

Table 3-3. Selected CET model input variables and their levels used in sensitivity analysis; values 

in bold letters indicate their nominal level. 

Input variable  Experimented levels Units 

Nucleation density (N0) 1012, 1014, 1016, 1018 /m3 

Nucleation undercooling (æTn) 0.25, 0.75, 1.25, 1.75 K 

Material dependent exponent (n) 1, 1.5, 2, 2.5 Unitless 

 

3.4.3 Thermal modeling of EB-PBF and process parameter design 

As described in the literature review, understanding the thermal distribution within the 

build area is crucial for determining the solidification kinetics. A thermal model similar to that of 

Lee, et al. (2017) and Raghavan, et al. (2016) is utilized to extract spatial and temporal information 

of thermal profile of a given powder bed area. This is a three-dimensional analysis of temperature 

distribution by solving heat transfer partial differential equations (PDE) numerically in the FEniCS 

computing platform. To reduce computational cost, the analysis is restrained to a single layer 

fabrication within a powder bed envelop of 1.2 mm × 1.2 mm × 0.3 mm in XYZ coordinates, 

divided into a tetrahedral mesh with 10 µm dimensional resolution. However, both in simulation 

and experiments, a 10 mm × 10 mm domain size is used in the literature. Such wide deviation from 

the standard dimensions is rationalized by the following two aspects of the model. 
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Within this model, both temperature and thermal gradient data are processed and stored for 

the total number of timesteps used in the model. The computational time for a 10 mm × 10 mm 

domain size is unreasonably high (~500 hours) if a spatial resolution of 10 µm were to be used. 

Secondly, both thermal gradient and solidification velocity depend on the temperature data of each 

mesh point at a given timestep. Therefore, if the temperature distribution is the same, the effect of 

domain size can be minimized for a fixed set of boundary conditions. This is achieved through 

using a scaling factor within the model that scales the overall temperature distribution based on 

the domain size and mesh resolution. Finally, this obtained temperature values are then compared 

with reported substrate temperature of a similar process, and the domain size assumptions are 

validated if sufficient agreement is found. Therefore, in this study, the scaling factor is modified 

in such a way that the obtained temperature resembles the temperature values reported by Ledford, 

et al. (2019), calibrated to the temperature measurements by the in-situ pyrometer. Figure 3-2 

shows the temperature output at a given timestep for both domain sizes that illustrates that the 

maximum temperature for both models is similar. Although several small spikes are seen in the 

bigger domain sized model, they have values less than the liquidus temperature than the material 

system, and therefore, do not contribute to the melting process. The similarity in the temperature 

distribution is taken as a validation of using such unconventional domain size considering the 

resulting reduced computational time. 

 

 

 
Figure 3-2. Temperature profile distribution for arbitrary timestep in small domain and big domain 

sized models. 
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Since thermal conductivity of powder is far lower than the solid bulk material, heat transfer 

is modeled using only conduction through the substrate plate and radiation through the vacuum of 

the chamber. The governing equations for this transient heat transfer model are given below (El-

Gaaly, 2019; Lee et al., 2017) in Equation 23-25, along with their meaning and values presented 

in Table 3-4. A sensitivity analysis is conducted for selected variables that investigated the values 

and their implications chosen in this study (see Appendix 6-B). The model is written in a Python 

Script and is run in a hyper-computing station that used 70 core processing units, resulting in a 

running time of ~15 minutes. The processing time also depends on time step resolution of analysis, 

set at 1 µs in this model for producing precise temperature data. 
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Table 3-4. Thermal model variables: their meaning and values; All values are in SI unit; Response 

= response variable; Varied = values are varied within simulation experiments. 

Symbol + Meaning Value Symbol + Meaning Value 

ɟ = Density 5376.0 t = Time Response 

ű = Stefan-Boltzmann constant 5.67×10-8 qradiation = Radiation loss heat 

flux 
Response 

Ů = Emissivity 0.5 rb = Radius of beam 0.0001 

ἥ = Energy input Response dp = Penetration depth 0.00002 

Cp = Specific heat 390.0 Tvac = Vacuum temperature Varied 

kc = Thermal conductivity 
50.0 

Ae = Effective absorption 

coefficient 
0.9 

T = Temperature Response W = Beam power Varied 

 

After the model is run on FEniCS, the output data are exported to the Paraview software 

for data visualization purposes. The thermal gradient was calculated within the model using 

Equation 26 for a single timestep at which the beam hits the center of the powder bed. This, on 

one hand, reduces the computational time of calculating thermal gradient for 105 timesteps used in 
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this study; and takes the overlapping effect of the beam into account where the examined spot is 

heated on either side when the beam scans its neighbor lines. This thermal gradient is then taken 

as the average thermal gradient value for the parameter set used in the simulation. Temperature 

profile pictures for different simulation scenarios (as shown in the next section) were extracted by 

first taking a 3D clip of the entire volume, and then using the solidus temperature of the system to 

outline the melt area. The cooling rate was determined in a MATLAB code from the temperature 

data output using Equation 27. Finally, the growth velocity, V, was calculated using Equation 28 

for a given thermal gradient and cooling rate pertaining to a specific process parameter simulation 

(Raghavan et al., 2016). 
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Utilizing this thermal model to estimate the thermal gradient and solidification growth 

velocity, parameters used in previous literature and a newly designed set of parameters were 

simulated to obtain G and V for respective scenarios. Since the thermal conductivity of copper 

reduces with an increase in temperature (Davis, 2001), processing pure copper powder at high 

substrate temperature in EB-PBF system is particularly attractive as that reduces the gap of thermal 

conductivity between powder and solid bulk. In addition, as observed by other authors in other 

material systems, increased substrate temperatures also help reduce the thermal gradient, an 

essential condition to achieve CET. Therefore, the newly designed parameter set involves higher 

substrate temperatures (450°C and 600°C), a range of melt currents starting from 14 mA to 20 mA, 

and a range of scan speeds from 700 mm/s to 1600 mm/s. This entire process space is selected in 

such a way that some of it lies within the dense processing space of PBF of copper, as shown in 

Figure 2-2, while the rest moves further up along energy density coordinate as shown in Figure 3-

3 below. However, at higher temperatures, simulations were not done for a scan velocity of 700 

mm/s as the initial runs showed that higher velocities result in higher cooling rates. Also, three 

levels of melt current (16 mA, 18 mA, and 20 mA) were considered for 1300 mm/s and 1600 mm/s 

scenarios at higher temperatures. At large melt currents, copper tends to swell at the edge because 
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of great differences of thermal conditions between solidified area and surrounding powder bed. It 

is assumed that the use of high substrate temperature and high scanning velocity will mitigate this 

situation by lowering the total volumetric energy density, and thereby reduce the swelling effect. 

However, copper powder tends to agglomerate and sinter together easily at elevated temperatures 

which ultimately stalls its flowability, and consequently leads to fabrication failure. This effect 

could be pronounced at high substrate temperatures such as 600°C investigated in this study, and 

therefore, a physical build using a comparable parameter set is deemed necessary to check the 

feasibility of applying such a process window in practice. 

 

 

Figure 3-3. Process parameter space of PBF of copper; Hexagonal icons within the rectangle 

indicate newly investigated simulation process parameter. In this picture, substrate temperature of 

this parameter set is kept at its present level of 300°C. 

 

3.4.4 Feasibility study with experimental builds 

To examine the feasibility of fabricating pure copper at high substrate temperature and high 

current/ scan velocity settings via the EB-PBF process, an experimental build (Build 1) is 

conducted at the additive manufacturing unit of General Electric in Garching, Germany. Nine 

15×15×15 mm cubes are fabricated in a Q10 Arcam machine (software version EBM Control 

5.5.52) on a 99.95% pure CW021A copper plate with 8 mm space in between each cube. Copper 

powder with 427±9 ppm oxygen content is used, and a raster scan strategy is employed at a 
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substrate temperature close to 450°C with the following process parameter settings shown in Table 

3-5. The values are chosen such that the overall processing space of the thermal model simulation 

is covered in these nine specimens. Moreover, as the samples are square in the XY plane, the line 

length will subsequently be the same as the beam rotates; and therefore, the samples are oriented 

parallel to the rake system. 

 

Table 3-5. Process parameter design of the first experimental feasibility study build with a layer 

thickness of 50µm (Note: Focus offset for melt current 20 mA and scan speed 1200 mm/s is 

changed to 26 mA during the build to avoid swelling of the part due to high input energy density). 

Sample 

number 

Melt current 

(mA) 

Scan speed 

(mm/s) 

Focus offset 

(mA) 

Line offset 

(mm) 

Volumetric energy 

density (J/mm3) 

1 12 1000 18 0.1 144 

2 16 1100 18 0.1 175 

3 20 1200 26 0.1 200 

4 12 1400 18 0.1 103 

5 16 1500 18 0.1 128 

6 20 1600 18 0.1 150 

7 12 1800 18 0.1 80 

8 16 1900 18 0.1 101 

9 20 2000 18 0.1 120 

 

Besides this, another experimental build (Build 2) is conducted in a Q10 Arcam machine 

(Software version EBM Control 5.2.52) in our laboratory on a stainless-steel base plate. Process 

parameters for this build are influenced by the results obtained from the previous build. Copper 

powder used in this build has a size distribution d50 value of 35 µm along with a starting oxygen 

content of 150 wt. ppm. Thermal conductivity of stainless steel is lower than that of copper, and 

therefore, the substrate is heated to a thermocouple reading of ~250°C during the build so that 

excessive heat buildup can be avoided. However, both microstructure analysis and thermal model 

prediction for previous build specimens showed that the most influential parameter controlling the 

CET in pure copper is the thermal gradient G, which lowers as both substrate temperature and melt 
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current increase in a build. To achieve a high local substrate temperature for the fabricated blocks, 

each block is melted three times with successively more defocused beam. Simulations performed 

using the thermal model prior to the experiment showed that a higher substrate temperature can be 

achieved locally if the blocks are scanned multiple times (illustrated in Figure 3-4 below), which 

ultimately results in a lower thermal gradient than what would have been possible with a single 

pass at 250°C substrate temperature. However, as high energy input might lead to swelling at the 

edges, more defocused beam is used for successive melt passes. Relevant process parameters are 

listed in Table 3-6 used in the fabrication process with 50 µm layer thickness. It is to be mentioned 

that severe powder flowability issues are encountered during the build owing to several possible 

reasons, viz. large differences of thermal conductivity between copper and stainless steel, greater 

powder purity, smaller particle sizes etc. Eventually, the build is stopped at a height of 3.5 mm. 

 

 

Figure 3-4. Increase in substrate temperature as an increase in the number of melting passes on 

each block. 

 

Table 3-6. Process parameters of fabricated blocks in the second experimental feasibility study 

build with pure copper powder. 

Sample 

number 

Melt 

current 

(mA) 

Scan 

speed 

(mm/s) 

Focus offset (mA) Line 

offset 

(mm) 

Volumetric 

energy 

density 

(J/mm3) 

1st pass 2nd pass 3rd pass 

1 14 1200 18 22 26 0.13 108 
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Table 3 6. Continued. 

 

2 16 1400 18 22 26 0.13 137 

3 20 1800 22 26 30 0.13 133 

4 16 1500 18 22 26 0.13 128 

5 22 2200 24 28 32 0.13 120 

6 30 2600 28 32 36 0.13 138 

7 10 800 18 22 26 0.13 150 

8 16 1600 18 22 26 0.13 120 

9 26 2400 24 28 32 0.13 130 

 

3.4.5 Microstructural and mechanical characterization of the build specimens 

Metallographic samples from the first build are prepared from each specimen along the 

build direction by first cutting the samples in half, and then, mounting, polishing, and etching in 

Ammonium Persulphate solution. Optical micrographs are taken in a Hirox KH7700 microscope 

before and after etching the samples. Bulk optical density of the samples is measured using the un-

etched images through a MATLAB code by using a suitable threshold value to delineate the 

internal pores. Further, SEM imaging of selected samples are carried out in a JEOL 6010LA under 

secondary electron imaging mode to observe the internal grain structure. Grain width is calculated 

from the etched micrographs by the linear intercept method where ten lines of similar length are 

drawn on the images, and the number of intersections is measured. Four micrographs of each 

sample are examined for grain size measurements, and the average number is reported. To obtain 

the Vickers microhardness of the specimens, ten indentations at 100 gf load for 10 seconds dwell 

time are made along the build direction, and the average values represent the final microhardness. 

However, samples from the second build are characterized only for microstructure using optical 

and electron microscopy as their overall appearance is significantly more porous than the samples 

fabricated in the first build. 

 

3.5 Results and Discussion 

3.5.1 CET of copper-oxygen system 

The CET solidification map developed using the equations described previously is shown 

in Figure 3-5 below. When the actual thermal gradient value is less than the calculated G value 
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from Equation 20 for a given interface growth velocity, V, the microstructure falls in the region of 

equiaxed grains (shown in the bottom right area in Figure 3-5a,c). Above this transition line, G 

exceeds a critical value at the solidification front, and thus, columnar microstructure becomes the 

dominating grain formation mechanism. Also, it is critical that V is within the limit of stability so 

that the dendritic growth does not fall back to planar grain growth regime, a characteristic result 

of either very low growth velocity or very high growth velocity. 

 

 

Figure 3-5. CET solidification map of copper (a. linear axis plot, b. conventional log-log plot); c. 

Dendrite tip radius as a function of growth velocity; d. Dendrite tip temperature and concentration 

at tip profile as a function of growth velocity. Interface growth velocity and solidification velocity 

are used interchangeably. 
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For a given thermal gradient within the velocity range where dendritic grain morphology 

is prevalent, increasing the solidification velocity results in a greater chance of producing equiaxed 

grains. This phenomenon is supported with the aid of Figures 3-5b,d which illustrate the effect of 

growth velocity on dendritic tip radius, and the temperature and composition profile at dendrite 

tip, respectively. As the tip radius becomes sharper, it can grow much faster and can dissipate more 

latent heat of fusion with greater efficiency (Kurz and Fisher, 1984) than a dendrite with a large 

tip radius. This enhanced tip growth raises the solute rejection near the tip, and therefore, creates 

a more solute-rich region ahead of dendrite tip. This, in turn, is followed by a reduction in tip 

temperature because of the increased compositional difference between the solid and liquid, and 

results in more undercooling near the tip. As an undercooled region ahead of solid-liquid (S/L) 

interface favors the formation of equiaxed grains, the microstructure tends to become more mixed 

or equiaxed instead of columnar as found at lower velocities. This reasoning can be further 

elucidated by obtaining temperature and undercooling profiles ahead of the dendrite tip for 

different interface velocities. Equations 29-32 are used to calculate the liquidus and actual 

temperature profiles ahead of the dendrite tip, from which, undercooling information is extracted 

for a given growth velocity (Gäumann et al., 1997). 
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Figure 3-6. Liquidus and actual local temperature ahead of dendrite tip for solidification velocities 

of 0.001, 0.01, and 0.1 m/s; b. Undercooling profile ahead of dendrite tip for solidification 

velocities of 0.001, 0.01, and 0.1 m/s. 

 

Figure 3-6a shows the liquidus and local temperature profiles ahead of the dendrite tip for 

different growth velocities: 0.001 m/s, 0.01 m/s, and 0.1 m/s (all within the range of the limit of 

stability). It is seen that with increasing growth velocity, the liquidus temperature of the melt ahead 

of dendrite tip increases due to the enhanced solute rejection (seen from the composition profile 

with respect to growth velocity in Figure 3-5d). This leads to enhanced undercooling ahead of tip, 

as illustrated in Figure 3-6b, where the undercooling at the interface for a growth velocity of 0.1 

m/s is over 8 K, compared to an undercooling of less than 1 K at a velocity of 0.001 m/s. This 

enhanced undercooling at increased velocity emphasizes the possibility of achieving the CET, as 

can be seen in the formulation of CET solidification map in Equation 20. 

 

3.5.2 Sensitivity analysis of non-compositional variables used in the CET model 

Elementary effects of the chosen variables used for the sensitivity analysis of the CET 

model are presented below in Figures 3-7 and 3-8. For the non-composition variables used in the 

study, these three have higher power effects on the model outcome, and therefore, are considered 

important factors for the model sensitivity. Because of 4 levels of each variable, a total 64 

simulation runs were conducted; and the EE of each variable was calculated with respect to their 

nominal value using Equation 21. As seen in Figure 3-7, thermal gradient, G, is affected the most 
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by nucleant density N0, and is relatively less influenced by the other two variables. In AM and 

casting literature, values of N0 have ranged from 109-1019 /m3 [109 (Cziegler et al., 2017; Hunt, 

1984), 1015 (Anderson et al., 2010; Li and Tan, 2018), 1018 (Lian et al., 2019), 1019 (Guan et al., 

2019)] by fit ting the model to experimentally obtained data, and therefore, a range of 1010 and 1018 

/m3 is considered in the sensitivity analysis. 

 

 

Figure 3-7. Thermal gradient values of simulations for different combinations of all three 

investigated input variables. 

 

It is also observed that both model exponent n and nucleation undercooling æTn do not 

significantly impact the model results because of their small nominal values. However, as they 

control the possibility of heterogeneous nucleation, and a high value of æTn will hinder the 

formation of new grains, these are rendered important for this analysis. The mean EE metric for 

each variable is calculated using Equation 22, and is plotted in Figure 3-8 below. It is observed 

that N0 has a very high mean effect, in accord with the results shown in Figure 3-7, whereas n and 

æTn have a low mean effect on the model outcomes. It is also noted that the effect of nucleation 

density is several orders of magnitude higher than the other two, primarily due to its high-power 

term value. The overall EE of each variable has a similar effect on total undercooling as presented 

on the secondary Y axis within the same plot. It is further noted that the effects of each variable 

increases as the variable departs farther from its nominal level, indicating at the need for choosing 

the nominal values carefully while fitting the model to experimental data. 



61 

 

 

 

Figure 3-8. Elementary effects of each examined variable on Thermal gradient (left hand Y axis) 

and Total undercooling (right hand Y axis); Bars show the mean EE values, while the one-sided 

error bars show the standard deviation EE values. 

 

3.5.3 Thermal gradient and solidification velocity calculation from thermal model 

As described in the methods section, thermal gradient and solidification velocity are 

calculated for the newly designed parameter window by simulating the numerical thermal model. 

While thermal gradient is calculated directly from the model output, calculation of cooling rate is 

required prior to obtaining the solidification growth velocity. Therefore, in the following figure, 

thermal gradient and cooling rate results are shown first for a different set of process parameters. 

It is seen from Figure 3-9a-c that thermal gradient decreases as the melt current increases for all 

examined velocities (700 mm/s, 1000 mm/s, 1300 mm/s, and 1600 mm/s) at all substrate 

temperatures (300°C, 450°C, and 600°C). This decrease in thermal gradient is due to more gradual 

change of temperature in a wider and larger melt pool, as evidenced from Table 3-7. As the current 

increases, temperature within the beam incident area increases simultaneously, and the temperature 

difference between the melt pool top and bottom increases as well . However, the neighborhood 

powder bed have very close temperature values, which results in a reduced thermal gradient at 

higher melt currents. Cooling rate (Figure 3-9 d-f), on the other hand, depends more significantly 
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on the beam scan velocity, and is observed to have a positive correlation. For the same melt current, 

cooling rate increases as the beam moves faster. This is primarily due to the associated heat 

dissipation rate which becomes steeper for higher beam velocities. However, increasing substrate 

temperatures decrease the cooling rate for the same melt current and scan velocity due to a lower 

temperature difference between the melt pool and its surroundings. 

 

 
Figure 3-9. Effect of melt current on Thermal gradient at different scan velocity and substrate 

temperature; d-f. Effect of scan velocity on Cooling rate for different melt current and substrate 

temperatures; Note that Y-axis value ranges are not similar. 

 

To further investigate these features of Figure 3-9, the melt pools of representative process 

parameter sets are presented in the table below. These melt pool snippets are taken at a specific 

timestep when the beam is at the center of the overall domain analyzed in the thermal model. The 

shape and size of the melt pool (liquidus isotherm line) change significantly when the melt current, 

scan velocity, and substrate temperature change. For example, when the substrate is heated to a 

higher temperature, melt pool tends to become wider and longer for same scan velocity and melt 

current as seen in the first row of Table 3-7. Because of this larger melt pool size and more uniform 

temperature distribution, thermal gradient reduces as substrate temperature increases. 
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Table 3-7. Melt pool characteristics for representative process windows to show individual effect 

of substrate temperature, scan velocity, and melt current. The models were created in Paraview, 

and temperature scale is 573 K (blue) to 2100 K (red). 

Substrate temperature 

300°C 

Substrate temperature 

450°C 

Substrate temperature 

600°C 

1000 mm/s, 16 mA

 

1000 mm/s, 16 mA

 

1000 mm/s, 16 mA

 

Scan velocity 1000 mm/s Scan velocity 1300 mm/s Scan velocity 1600 mm/s 

18 mA, 300°C temperature

 

18 mA, 300°C temperature

 

18 mA, 300°C temperature

 

Melt current 16 mA Melt current 18 mA Melt current 20 mA 

1000 mm/s, 450°C 

temperature

 

1000 mm/s, 450°C 

temperature 

 

1000 mm/s, 450°C 

temperature 

 

 

A widening melt pool can also be observed in the bottom row with increasing melt current 

with the other two variables held constant. In the middle row, the consequence of increasing the 

scan velocity can be seen at constant melt current and substrate temperature where the melt pool 

length and width decrease as the beam moves faster. Since the local mesh temperature controls 
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these characteristic features of the melt pool, it is important to extract temperature information for 

the overall time length of the simulation and compare that for different process parameter sets. 

Figure 3-10 below illustrates such temperature profiles of a selected point at the top of the melt 

pool at a given timestep for two different process parameter sets. When scan velocity is low, the 

spot is heated to a larger extent due to the overlaps of the beam when it scans neighborhood lines 

on either side. It is also noted that the small spike at the right side is greater than the one on the 

left, as it retains the heat from two previous raster scans. However, when the scan velocity is high, 

this overlapping effect of the beam does not raise the temperature as high as before, and hence, 

results in greater cooling rates. 

 

 

Figure 3-10. Effect of scan velocity on temperature profile of the melt pool top. The point 

simulated in the software is shown schematically in the middle. Substrate temperature is kept at 

300°C for both process parameter sets. Temperature axis ranges from 500 K to 2300 K. 

 

From the obtained cooling rates and thermal gradients, solidification velocity is calculated 

for each process parameter set. This G-V map hence represents the effects of processing conditions 

on two critical metrics that impact the solidification kinetics and resulting microstructure, as 

explained in the literature review. Parameter sets used in other studies were also utilized to 

calculate the resulting G and V values to compare them with the designed parameter sets. This plot 

is shown below in Figure 3-11 where it can be seen that the processing conditions that used a 

combination of high melt currents, high scan speeds, and high substrate temperatures tend to have 



65 

 

 

lower thermal gradients and higher solidification velocities. In general, EB-PBF processes show 

lower thermal gradients than the laser-PBF processes due to its substrate plate heating and 

preheating steps before the actual melting process. The literature used for this G-V map are the 

following: Laser - (Colopi et al., 2018; El-Wardany et al., 2018; Ikeshoji et al., 2018; Jadhav et 

al., 2019; Lykov et al., 2016; Silbernagel et al., 2019), EB - (Guschlbauer et al., 2018; Ledford et 

al., 2020; Lodes et al., 2015; Raab et al., 2016). 

 

 

Figure 3-11. Thermal gradient (G) and solidification velocity (V) for different process parameter 

sets (from literature and newly designed) of pure copper fabricated in EB-PBF process. 

 

3.5.4 CET of copper in PBF process 

This section merges the thermal gradient and solidification velocity data obtained through 

the CET and the thermal model analysis of PBF processing of copper as shown in Figure 3-12. 

The ultimate aim was to develop an understanding of the resulting microstructure as a function of 

processing conditions from available literature and the previous tensile study. Figure 3-5a and 
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Figure 3-11, when superimposed to one another, offer insight as to why the experimentally 

obtained microstructure is obtained for a specific process parameter set. With due appreciation to 

all the assumptions taken in the CET model development and processing the thermal model, it is 

seen that most of the adopted process parameter space in literature leads to columnar grains along 

the build direction.  As the substrate temperature reduces (e.g., room temperature processing in L-

PBF or 290°C - 320°C used in the tensile study), columnar grains become more dominating 

structural factor in the specimens. In order to reach the transition zone, it is imperative to use a 

combination of high substrate temperature, high melt current, and high scanning velocity. 

Moreover, from the standpoint of keeping the temperature profile the same throughout the build, 

preheating condition should also be adjusted such that every new powder layer has a high bed 

temperature conducive of low thermal gradients. 

 

 

Figure 3-12. CET of copper in powder bed fusion process. 
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To further establish the relationship between the PBF process conditions and solidification 

kinetics, the concentration profile and total undercooling ahead of dendrite tip were calculated for 

representative process parameter sets using the respective solidification velocities obtained from 

the thermal model simulation. As mentioned previously, columnar-to-equiaxed transition is 

favorable when undercooling is greater and thermal gradient is lower near the S/L interface. It is 

observed in Figure 3-13 that increased melt current, substrate temperature, and/or scan velocity 

result in greater undercooling due to a larger difference between liquidus temperature and actual 

local temperature, as validated by the peak values of undercooling curves of 4.89 K, 6.56 K, and 

7.46 K from Figure 3-13. The local liquid temperature depends on the imposed thermal gradient, 

dictated by input process parameters; whereas liquidus temperature decreases as more solute builds 

up near the S/L interface, as validated by the concentration profiles which show a steeper solute 

concentration gradient closer to the interface with increasing solidification velocity, giving rise to 

a lower liquidus temperature as opposed to a more gradual change of concentration in low V-high 

G parameter scenarios. As more solute builds up near the interface, the difference between liquidus 

temperature and local temperature ahead of dendrite tip increases, which in turn, increases the tip 

undercooling. This enhanced undercooling ahead of the interface can promote more heterogeneous 

nucleation resulting in grain refinement. 

 

 
Figure 3-13. Top: Melt pool contours from thermal model, Bottom: Undercooling and 

concentration profile ahead of S/L interface; Respective process parameters are shown at the top 

of the contour maps; Color bar range: 573 K (blue) to 2100 K (red). 
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3.5.5 Thermal model and CET results of the build specimens (Build 1) 

Both the numerical thermal model and CET map are used to predict the achievable grain 

structure of the build specimens fabricated with the process parameters presented in Table 3-5. 

The chosen parameter set produces a relatively wide range of volumetric energy density for the 

build specimens within the dense processing space of AM copper, and captures the effects of a 

range of thermal gradient and solidification growth velocity values. According to the thermal 

model, higher melt currents result in lower G and higher scan velocities lead to higher V. Therefore, 

a general trend of refined grain structure is expected from sample 1 to sample 9 in the experimental 

build. Figure 3-14 shows the resulting G and V for all nine specimens, superimposed on the 

proposed CET map. All low-melt-current (12 mA and 16 mA) samples have high G and low V 

values which are not conducive of producing equiaxed grains, and the overall microstructure is 

predicted to have columnar grains along the build direction. However, for these specimens, higher 

scan velocities increase the cooling rates, and therefore, a more refined microstructure should be 

produced with smaller grain widths following the interrelationship between the cooling rate and 

obtained grain morphology. For 20 mA samples, G is reduced further, and sample 9 lies within the 

transition region due to its largest V value corresponding to the highest scan velocity used in this 

experiment. 
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Figure 3-14. Thermal model results of the build specimens predicting the overall microstructure 

by using the proposed CET map. 

 

3.5.6 Microstructural analysis of build specimens (Build 1) 

In compliance with the thermal model and CET map results, the obtained microstructures 

for each specimen show predominantly epitaxial columnar grains along the build direction, as 

illustrated in Figure 3-16. In all of the grain structure micrographs, melt pool path can be seen, 

which is more pronounced in sample 3 that has the highest volumetric energy density. Measured 

grain sizes are also given for each sample within their respective micrographs, except for sample 

2 wherein grain size could not be measured. It is apparent that the grain width reduces as the 

scanning speed increases for each current setting, primarily due to the increase in cooling rate, and 

the associated increase in V, as found out in the thermal model results. However, sample 9, 

predicted to fall in the CET region, does not show equiaxed grain or a substantial transition from 

columnar grain along the build direction. While there are a few assumptions taken to extract steady 

state thermal condition that can contribute to this observed discrepancy, the effect of oxygen 

content is examined here since its amount is significantly different, ~0.04 wt.% as compared to 0.1 

wt.% used in the CET model. As per the phase diagram of Cu-O system, in the hypoeutectic region, 
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the liquidus slope m does not change significantly as the initial concentration of oxygen decreases. 

However, this reduced O2 concentration decreases the critical thermal gradient required for the 

transition due to its reduced ability to undercool the liquid, thereby, forcing the grains to be 

columnar due to a relatively higher thermal gradient calculated for each sample. This is shown in 

Figure 3-15. 

 

 
Figure 3-15. Modified CET and G-V for the experimented samples for 0.04 wt.% oxygen content. 
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Figure 3-16. Microstructure of all specimens fabricated in the experimental build. Sample numbers are shown at top left corner on each 

micrograph. Build direction is shown by the black arrow, and the scale bar in yellow shows 200 µm. 



72 

 

 

To further examine the grain morphology in the fabricated samples, SEM images of 

selected samples are taken as per the method described in § 3.4.5. Sample 1 and 9 are chosen as 

they signify the extreme current/velocity conditions for 12 mA and 20 mA current, respectively.  

 

 

Figure 3-17. SEM images of representative samples showing the overall grain morphology at 

different magnification levels. Note the different scale bars (100X= 100 µm, 500X= 50 µm, 

1000X= 10 µm). 




















































































































































































