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from the entrapment of the inert atmosphere gas or the alloy vapors 
inside the molten pool.  

c Lack of fusion (LOF): Inadequate penetration of the molten pool 
into the substrate material or the previously printed layer results in 
LOF defects [8]. Unlike keyholing or entrapped gas porosity, LOF 
defects generally follow a geometrical pattern defined by the scan-
ning strategy and are easier to discern. Porosity occurring due to LOF 
typically has sharp edges, and can have a more significant impact on 
ductility compared to porosity formed due to gas entrapment [2]. 

In addition to these porosity generation mechanisms, balling is 
another defect formation mechanism in metal AM. Balling occurs when 
single-tracks printed at high scan speeds form molten droplets instead of 
a continuous molten pool. During laser powder bed fusion (L-PBF) and 
direct energy deposition (DED) metal AM processes, an increase in the 
scanning speed results in the elongation of the melt pool. At high enough 
speeds, the melt pool becomes unstable and may break up into small 
droplets to maintain uniform capillary pressure due to the Plateau- 
Rayleigh instability [2]. Balling disrupts the continuity of the 
single-tracks during fabrication resulting in defective parts with poor 
surface roughness, porosity, and even delamination [9]. 

Determining AM process parameters for new materials that will yield 
fully dense parts with minimal defects is a lengthy and costly process. 
Fortunately, computer simulations can provide AM operators with 
practical predictions on a material’s response to variations in process 
parameters, which can aid the parameter selection process [10–12]. The 
Eagar-Tsai (E-T) analytical model is a simplified heat transfer model that 
was originally used in the welding community and has shown to be 
simple and efficient for predicting the melt pool geometries during se-
lective laser melting (SLM) [13–16]. In this study, the E-T model is 
employed to assist with the selection of processing parameters for a 
L-PBF metal AM process. The model uses a dimensionless form of a 
travelling Gaussian heat distribution to determine the shape and di-
mensions of melt pools, and assumes that the heat source is providing 
constant energy at a constant speed on an infinite substrate. Some lim-
itations for this model’s applicability to AM are that it does not account 
for heat convection, the presence of metallic powder on the surface of 
the substrate, and vaporization-based processes such as keyhole mode 
melting. Nonetheless, the model can predict the melt pool size (length, 
width, and depth) as well as calculate the associated temperature fields 
[14,17]. One of the goals of the present study is to use this model to 
define a range of laser power (P) and scanning speed (v) parameters that 
will enable printing of parts with minimal defects and thereby reduce 
the number of trial and error runs. The output of melt pool size can then 
be used to develop design of experiments to determine a range of process 
parameters to test with single-track experiments. The output of tem-
perature fields is useful for determining how much of the melt pool 
reaches boiling temperature since significant boiling will lead to the 
evaporation of elements and undesirable/uncontrolled material prop-
erties. The advantage of using the E-T model is that it is computationally 
inexpensive and many simulations can be run in a relatively short 
amount of time. Furthermore, it is an analytical model that does not 
necessitate the use of proprietary codes that might not be accessible to 
all users. 

This study investigates the process, structure, and property re-
lationships in a Ni-5 wt.%Nb alloy, as a model material system, fabri-
cated with selective laser melting (SLM). NiNb5 can be used as a binary 
proxy for Ni-based superalloys [18–22], which have attracted significant 
interest in AM community due to their excellent mechanical properties 
in harsh environments [20,23]. A focus is set on the solidification phe-
nomenon at the single-track level during the L-PBF process, followed by 
a discussion on how processing parameters govern the porosity and 
variability in mechanical properties of the built parts. It is demonstrated 
that with the proper selection of the process parameters to minimize 
porosity in a wide process parameter space, it is possible to achieve 
tensile mechanical properties with minimum variability. 

2. Experimental and computational methods 

2.1. Materials 

Gas atomized Ni95Nb5 (wt. %) powder used in this study was ac-
quired from Nanoval GmbH (Germany). A Cameca SX Five scanning 
electron microscope (SEM) was used to conduct wavelength dispersive 
spectroscopy (WDS) on powders and built parts. Ni and Nb contents of 
the powder were measured as 94.7 (± 0.7) and 5.1 (± 0.1) wt. %, 
respectively. The average particle size of the powder was reported by the 
manufacturer as d10 = 6.7 μm, d50 = 19.8 μm and d90 = 43.0 μm where 
dxx denotes the cumulative size percentile of particles that have di-
ameters equal to the number provided. Back scattered electron micro-
scopy images of the as-received powder, recorded using an FEI Quanta 
600 SEM, showed spherical particles (Fig. 1a). Cross sectional images of 
the powder revealed some porosity within the particles (Fig. 1b). 

2.2. Additive manufacturing (AM) experiments 

AM experiments were conducted on a 3D Systems ProX 200™ laser 
powder bed fusion (L-PBF) system, equipped with a fiber laser beam 
having a Gaussian profile, wavelength λ = 1070 nm, beam spot size of 
70 μm in diameter, and a maximum power of 300 W. The experiments 
were carried out under a protective atmosphere of industrial grade 
argon during fabrication. 

2.3. Thermal model 

The Eagar-Tsai (E-T) analytical model is used in this study primarily 
to predict the melt pool dimensions and temperature profile. The model 
requires two sets of inputs: (1) material properties and (2) process pa-
rameters. In terms of material properties, the model requires the 
following thermophysical properties of the powder material: melting 
temperature, Tm; thermal conductivity, k; specific heat capacity, C, and 
absorptivity, η as well as the bulk density, ρ. E-T model also requires 
three process parameters: laser power (P), scanning speed (v), and the 
size of the laser beam at four standard deviations. Tm and ρ were ob-
tained from the manufacturer as 1703 K and 8909 kg/m3, respectively, 
whereas the values for k and C were determined as 70.4 W/mK and 
636.2 J/kg.K, respectively by using the rule of mixtures for the weighted 
averages of Ni (95 %) and Nb (5 %) [24]. The absorptivity value of 
NiNb5 was approximated from the values reported for pure Ni powder 
(0.501) measured using a 1 μm light source and a layer thickness of 
100 μm [25]. Two sets of information can be extracted as the outputs of 
the E-T model: the melt pool dimensions (length, width, and depth) and 
the temperature field of the melt pool, the example of which shown in 
Fig. 2. The mathematical equations defined in the E-T analytical model 
can be found in the original paper [13]. 

2.4. Single-track sampling 

The objective of printing single-tracks of NiNb5 is to observe the 
effects of different processing parameters on the resulting melt pool 
integrity, quality, and dimensions. Once parameters that yield a 
continuous melt pool without balling and porosity defects are identified, 
it is relatively easy to build 3D parts which are simply collection of 
single-tracks and layers. Based on the melt pool temperature distribution 
data obtained from the E-T model using the thermophysical properties of 
the powder, the minimum laser power to apply was calculated as 65 W 
in order to melt a single layer of powder (30 μm in thickness in the 
present study), assuming an almost stationary laser beam with the scan 
speed of 0.0001 mm/s. In other words, 65 W was selected as the lower 
bound of power used while printing the single-tracks, whereas the upper 
bound was set at 260 W which was the limit of the available L-PBF 
system. Scanning speed was varied between 50 and 2500 mm/s, where 
the former is simply a very slow scanning speed from practical point of 
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calibration and experimental validation of a 3D finite element thermal model for 
laser powder-bed fusion metal additive manufacturing. Int eg Mater Manuf Innov 
2018. 

[12] Karayagiz K, Elwany A, Tapia G, Franco B, Johnson L, Ma J, et al. Numerical and 
experimental analysis of heat distribution in the laser powder bed fusion of Ti-6Al- 
4V. IISE Trans 2019;51:136–52. 

[13] Eagar TW, Tsai N. Temperature fields produced by traveling distributed heat 
sources. Weld Res Suppl 1983:346–55. 

[14] Kamath C, El-dasher B, Gallegos GF, King WE, Sisto A. Density of additively- 
manufactured, 316L SS parts using laser powder-bed fusion at powers up to 400 W. 
Int J Adv Manuf Technol 2014;74:65–78. 

[15] Kamath C. Data mining and statistical inference in selective laser melting. Int J Adv 
Manuf Technol 2016;86:1659–77. 

[16] Seede R, Shoukr D, Zhang B, Whitt A, Gibbons S, Flater P, et al. An ultra-high 
strength martensitic steel fabricated using selective laser melting additive 
manufacturing: Densification, microstructure, and mechanical properties. Acta 
Mater 2020;186:199–214. 

[17] Wang Y. A processing diagram for high-density Ti-6Al-4V by selective laser 
melting. Rapid Prototyping J 2018;24:1469–78. 

[18] Ghosh S, Ma L, Ofori-Opoku N, Guyer JE. On the primary spacing and 
microsegregation of cellular dendrites in laser deposited Ni–Nb alloys. Model Simul 
Mat Sci Eng 2017;25:065002. 

[19] Acharya R, Sharon JA, Staroselsky A. Prediction of microstructure in laser powder 
bed fusion process. Acta Mater 2017;124:360–71. 

[20] Amato KN, Gaytan SM, Murr LE, Martinez E, Shindo PW, Hernandez J, et al. 
Microstructures and mechanical behavior of Inconel 718 fabricated by selective 
laser melting. Acta Mater 2012;60:2229–39. 

[21] Keller T, Lindwall G, Ghosh S, Ma L, Lane BM, Zhang F, et al. Application of finite 
element, phase-field, and CALPHAD-based methods to additive manufacturing of 
Ni-based superalloys. Acta Mater 2017;139:244–53. 

[22] Ghosh S, Stoudt MR, Levine LE, Guyer JE. Formation of Nb-rich droplets in laser 
deposited Ni-matrix microstructures. Scr Mater 2018;146:36–40. 

[23] Seede R, Mostafa A, Brailovski V, Jahazi M, Medraj M. Microstructural and 
microhardness evolution from homogenization and hot isostatic pressing on 
selective laser melted inconel 718: structure, texture, and phases. J Manuf Mater 
Process 2018;2:30. 

[24] Valencia JJ, Quested PN. Thermophysical properties, vol. 15. ASM Handbook; 
2008. p. 468–81. 

[25] Boley CD, Mitchell SC, Rubenchik AM, Wu SSQ. Metal powder absorptivity: 
modeling and experiment. Appl Opt 2016;55:6496–500. 

[26] Letenneur M, Kreitcberg A, Brailovski V. Optimization of laser powder bed fusion 
processing using a combination of melt pool modeling and design of experiment 
approaches: density control. J Manuf Mater Process 2019;3:21. 

[27] Yadroitsev I. Factor analysis of selective laser melting process parameters and 
geometrical characteristics of synthesized single tracks. Rapid Prototyping J 2012; 
18:201–8. 

[28] Roehling JD, Perron A, Fattebert J-L, Haxhimali T, Guss G, Li TT, et al. Rapid 
solidification in bulk Ti-Nb alloys by single-track laser melting. JOM 2018;70: 
1589–97. 

[29] Liu Y, Yang Y, Mai S, Wang D, Song C. Investigation into spatter behavior during 
selective laser melting of AISI 316L stainless steel powder. Mater Design 2015;87: 
797–806. 

[30] Letenneur M, Brailovski V, Kreitcberg A, Paserin V, Bailon-Poujol I. Laser powder 
bed fusion of water-atomized iron-based powders: process optimization. J Manuf 
Mater Process 2017;1:23. 

[31] Yaws CL. Handbook of vapor pressure: volume 4: inorganic compounds and 
elements. Gulf Professional Publishing; 1995. 

[32] Yap Chor Y. Selective laser melting of nickel powder. Rapid Prototyping J 2017;23: 
750–7. 

[33] Oh HS, Kim SJ, Odbadrakh K, Ryu WH, Yoon KN, Mu S, et al. Engineering atomic- 
level complexity in high-entropy and complex concentrated alloys. Nat Commun 
2019;10(2090). 

K.C. Atli et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0020
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0020
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0025
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0025
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0030
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0035
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0035
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0035
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0040
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0040
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0040
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0045
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0045
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0045
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0050
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0050
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0050
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0055
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0055
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0055
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0055
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0060
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0060
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0060
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0065
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0065
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0070
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0070
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0070
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0075
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0075
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0080
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0080
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0080
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0080
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0085
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0085
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0090
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0090
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0090
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0095
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0095
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0100
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0100
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0100
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0105
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0105
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0105
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0110
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0110
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0115
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0115
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0115
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0115
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0120
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0120
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0125
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0125
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0130
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0130
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0130
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0135
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0135
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0135
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0140
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0140
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0140
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0145
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0145
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0145
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0150
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0150
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0150
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0155
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0155
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0160
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0160
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0165
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0165
http://refhub.elsevier.com/S1526-6125(20)30895-1/sbref0165

	Laser-based additive manufacturing of a binary Ni-5 wt.%Nb alloy
	1 Introduction
	2 Experimental and computational methods
	2.1 Materials
	2.2 Additive manufacturing (AM) experiments
	2.3 Thermal model
	2.4 Single-track sampling
	2.5 Printing of cube samples
	2.6 Density and composition measurements
	2.7 Mechanical property characterization

	3 Results and discussion
	3.1 Analysis of single-tracks
	3.2 Analysis of printed cubes
	3.3 Mechanical properties

	4 Summary and conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


