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Abstract 

 
Thermophysical properties play a crucial role in controlling the melt pool dimensions in metal 
additive manufacturing (AM). It is, therefore, imperative to understand the impact of 
thermophysical properties on the melt pool dimensions for critical materials such as nickel-based 
superalloys. In this paper, a three-dimensional analytical model is used to predict the steady-state 
melt pool dimension over a range of process parameters for several nickel-based superalloys. The 
effects of composition, in terms of the thermophysical properties, on the melt pool dimensions are 
also studied. The results show that the melt pool dimensions correlate well with the liquidus 
temperature, density, and thermal conductivity of the alloy. By exploring the impact of process 
parameters and compositions on the melt pool dimension evolution, a framework can be 
established to maintain the desired melt pool dimensions during the fabrication of functionally-
graded parts with different alloys belonging to the same material class.   
 

Introduction 
 

Nickel-based superalloys are widely used in the production of gas-turbine hot-section as 
they provide higher yield strength with increasing operating temperatures partly due to the 
presence of secondary γ′ phases [1]. The hot-section components are manufactured using 
conventional manufacturing methods such as investment casting. However, the fabrication of 
complex designs and functionally-graded components is not feasible using such conventional 
techniques. Additionally, repair of the superalloy components using conventional methods is 
challenging as they are difficult to weld. By addressing both these constraints, metal additive 
manufacturing (AM) presents itself as a viable solution.  
  

Metal AM works on the principle of consolidating metallic feedstocks (e.g., wire or 
powder) in layers using a high-energy heat source (e.g., a laser, an electron beam, or an arc). 
Understanding the fundamental physics of metal AM is a critical requirement for process 
development, optimization, and control [2]. The heat source in metal AM (e.g., powder bed fusion, 
directed energy deposition) creates a small melt pool that controls the microstructures and, 
therefore, the mechanical properties of the final part [3]. This makes melt pool geometry a critical 
parameter in metal AM. Numerous studies involving the modeling and simulation of the melt pool 
geometry in metal AM processes for nickel-based alloys are available in literature. Analytical 
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models are extensively used to model the melt pool geometry for nickel-based superalloys. 
Gäumann [4] used a modified Rosenthal solution [5] to obtain the liquid isotherm and a circular 
melt pool. Christensen et al. [6] suggested an elliptic melt pool along the direction of the beam’s 
movement. Goldak et al. [7] assumed a double-ellipsoid weld pool shape that consisted of front 
and rear ellipsoid quadrants. Wang et al. [8] developed a finite element model expanded to include 
an intensity distribution for estimating the melt pool dimensions of CMSX-4®. More recently, 
Mondal et al. [9] developed a Gaussian Process-based regression model to predict the melt pool 
geometry for a popular nickel-based superalloy, CMSX-4®.  
  

In addition to analytical models, Finite Element Methods (FEM) and Finite Volume 
Methods (FVM) are also used for predicting the melt pool geometry in metal AM of nickel-based 
superalloys [10]. A computational fluid dynamics (CFD)-based model allows the incorporation of 
fluid convection inside the melt pool. To accurately simulate the condition inside the melt pool, 
surface tension-driven flow known as the Marangoni convection (or Bernard-Marangoni 
convection) needs to be included in the flow-thermal model [3]. A liquid with a higher surface 
tension pulls more strongly on the surrounding liquid than the one with lower surface tension. This 
extends the melt pool laterally and makes it shallower. Acharya et al. [3] developed a three-
dimensional CFD model and obtained good agreement with experimental data for the melt depth 
in CMSX-4® processed through powder bed fusion. A 2D approach was also implemented to 
simulate the melt pool characteristics for IN100 and obtained a reasonably good agreement for the 
melt depth and the average melt temperature [11]. This model was also extended by Basak et al. 
[12] to simulate melt pool characteristics for CMSX-4® with reasonable congruence between the 
simulation and the experimental results achieved for the melt depth and the average melt pool 
temperature. 
  

While several studies outline the effects of processing parameters on the melt pool 
geometry, there exists a knowledge gap in the exploration of the combined effects of the 
composition of nickel-based superalloys and process parameters on the melt pool geometry. This 
paper attempts to evaluate the effects of both composition and process parameters on the melt pool 
geometry of several different nickel-based superalloys. An analytical model presented by Eagar-
Tsai [13] is utilized for predicting the melt pool geometry. The model is thoroughly validated using 
the literature data. Thereafter, several popular nickel-based superalloys are selected, and their 
thermo-physical properties are evaluated using JMatPro® [14]. The Eagar-Tsai analytical model 
is, thereafter, interrogated to evaluate the effects of composition and process parameters on the 
steady-state melt pool geometry (e.g., depth). The results show that the melt pool dimensions 
correlate well with the liquidus temperature, density, and thermal conductivity of the alloy. By 
exploring the impact of process parameters and compositions on the melt pool dimension 
evolution, a framework can be established to maintain the desired melt pool dimensions during the 
fabrication of functionally-graded parts with different alloys belonging to the same material class.  
 

Methods 
 

This section, first, provides a brief description of the analytical model. Thereafter, the 
model is validated against two sets of experimental results. 
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Analytical Model 
 

The analytical model selected in this work was originally developed by Eagar and Tsai 
[13]. This model is based on Rosenthal’s steady-state model. However, the model also uses a more 
realistic Gaussian beam power source instead of Rosenthal’s point source. Except for a point 
source and steady-state conditions, Rosenthal’s original assumptions remain intact [5]. Eagar-
Tsai’s model starts with the following equation: 
 
 𝑇𝑇 − 𝑇𝑇0 =  −

𝑞𝑞
2𝜋𝜋𝜋𝜋𝜋𝜋

𝑒𝑒− 𝑣𝑣(𝑤𝑤+𝑅𝑅)
2𝑎𝑎  (1) 

 
Here, 𝑇𝑇 is the temperature (°C), 𝑇𝑇0 is the initial temperature (°C), 𝑞𝑞 is the input power (W), 

𝑘𝑘 is the thermal conductivity (W/(m°C)), 𝑅𝑅 (m) is the distance from the heat source defined as 
(𝑤𝑤2 + 𝑦𝑦2 + 𝑧𝑧2)1/2, 𝑣𝑣 is the power source travel speed (m/s), 𝑤𝑤 is the distance (m) in the 𝑥𝑥-
direction in a moving coordinate of speed 𝑣𝑣 defined as 𝑥𝑥 − 𝑣𝑣𝑣𝑣, and 𝑎𝑎 is the thermal diffusivity 
(m2/s). Eagar-Tsai’s model expands the above equation as follows: 
 
 

𝑇𝑇 − 𝑇𝑇0 = � 𝑑𝑑𝑑𝑑" �
𝑞𝑞(𝑡𝑡")−1/2

𝜋𝜋𝜋𝜋𝜋𝜋(4𝜋𝜋𝜋𝜋)1/2(2𝑎𝑎𝑎𝑎" + 𝜎𝜎2)� �
𝑒𝑒− 𝑤𝑤

2+𝑦𝑦2+2𝑤𝑤𝑤𝑤𝑤𝑤+𝑣𝑣2𝑡𝑡"2
4  − 𝑧𝑧

2

4𝑎𝑎𝑡𝑡"�
𝑡𝑡

0
 

 

(2) 

Here, 𝑡𝑡 is the time (s), 𝑡𝑡" is the superposed time (s), 𝜌𝜌 is the density (kg/m3), 𝑐𝑐 is the specific 
heat (J/ (kg °C)), and 𝜎𝜎 is the beam distribution parameter (m). The coordinate system utilized in 
this model is illustrated in Figure 1(A). Figure 1(B) illustrates the definitions of melt pool depth, 
length, and width used in the present research. 
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Figure 1. (A) Schematic of the coordinate system used in the analytical model and (B) Definition 
of the melt pool depth, length, and width. 
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This model’s primary assumptions include the following: 

• Convective and radiative heat transfer mechanisms are ignored. 
• The thermal properties of the material are constant. 
• The computational domain is semi-infinite. 
• The phase change of the material is not included. 

 
Despite its limitations, Eagar-Tsai’s model is extensively used for parameter space 

exploration through the design-of-experiments (DoE)-based approaches [9]. Computationally 
efficient surrogates have also been developed using this model for AM applications [9]. 
 
Validation of the Analytical Model 
 

This section summarizes the validation results obtained using two different sources of 
experimental data. In the first validation, the melt pool measurements reported by Ning et al. [15] 
for Inconel 625 are utilized. Three different process parameter combinations are selected: Case 1 
with power, 𝑃𝑃 = 169 W and laser scan speed, 𝑣𝑣 = 875 mm/s; Case 2 with 𝑃𝑃 = 182 W and 𝑣𝑣 = 800 
mm/s, and Case 3 with 𝑃𝑃 = 195 W and 𝑣𝑣 = 800 mm/s. Here, 𝑃𝑃 is calculated as 𝜂𝜂 × 𝑞𝑞 where 𝜂𝜂 is 
the laser absorptivity coefficient. Utilizing 𝜂𝜂 = 0.4, an average error of 4.3% with a maximum error 
of 7.3%, and a minimum error of 1.5%, are observed for the melt pool length and depth when 
compared with the results reported by Ning et al. The results of this validation are shown in Figure 
2. 
 

 
For the second validation, the melt pool measurements recorded for CMSX-4® by 

Anderson et al. [10] are utilized. Results are obtained for Case 1: 𝑃𝑃 = 240 W and 𝑣𝑣 = 1 mm/s; Case 
2: 𝑃𝑃 = 240 W and 𝑣𝑣 = 6 mm/s; Case 3: 𝑃𝑃 = 360 W and 𝑣𝑣 = 1 mm/s; and Case 4: 𝑃𝑃 = 360 W and 𝑣𝑣 
= 6 mm/s. The results of this validation are illustrated in Figure 3. This validation results in a 
maximum error of 21.5%, and a minimum error of 1.0%, cumulating to an average error of 9.4%. 
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Figure 2. Validation results (A) for melt pool depth and (B) melt pool length using measurements 
from Ning et al. [14]. 
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Results and Discussion 

 
Effects of Composition 
 

Ten different superalloy materials are selected in this paper whose compositions are given 
in Table 1 [16].  
 

Table 1. Composition (in Wt. %) of the ten alloys considered in this work. 
  

B 
1900 

CMSX-
4® 

GTD 
444 

IN 
100 

Mar M 
200+Hf 

Mar 
M-002 

PWA-
1426 

PWA 
1484 

Rene 
N6 

SR-
99 

C 0.1 - 0.1 0.16 0.14 0.15 0.1 - - - 
Cr 8 6.5 9.75 10 9 9 6.5 5 4 8 
Ni Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal 
Co 10 9 7.5 15 10 10 12 10 12 5 
Mo 6 0.6 1.5 3 - - 2 1.9 1 - 
W - 6 6 - 12 10 3 5.9 6 10 
Nb - - - - 1 - - - - - 
Ta 4.25 6.5 4.8 - - 2.5 4 8.7 7 3 
Ti 1 1 3.6 4.75 2 1.5 - - - 2.2 
Al 6 5.6 4.23 5.5 5 5.5 6 5.65 5.8 5.5 
B 0.015 - - 0.015 0.015 0.015 0.015 - - - 
Zr 0.07 - - 0.04 - 0.05 0.03 - - - 
Hf - 0.1 - - 0.8-1.9 1.5 1.5 0.1 0.2 - 
Re - 3 - - - - 3 3 5 - 
Y - - - - - - - 0.013 - - 
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Figure 3. Validation results (A) for melt pool depth and (B) melt pool width using measurements 
from Anderson et al. [10]. 
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The thermophysical properties are determined using JMatPro® [14] and average values are 
determined for 𝜌𝜌,𝑘𝑘,𝑎𝑎, and 𝑐𝑐 at 300 K. These properties are recorded in Table 2. 
 
Table 2. Material properties of composition of ten alloys selected in Table 1. Here ρ in (kg/m3), 

a in (m2/s × 10-6), k in (W/(m°C), c in (J/(kg°C), TL in (°C) 
 

 

B1900 CMSX-
4® 

GTD 
444 

IN 100 Mar M 
200 + 

Hf 

Mar M 
002 

PWA 
1426 

PWA 
1484 

Rene 
N6 

ρ  8720 8592 8488 7871 8559 8563 8487 8770 8926 
a  3.14 3.24 3.12 3.15 3.33 3.32 3.41 3.28 3.44 
k  11.97 11.90 11.09 11.34 11.97 11.94 12.54 11.99 12.45 
c 436.78 426.62 418.60 455.95 419.43 419.01 432.06 416.26 405.52 
TL  1354 1379 1354 1351 1376 1356 1384 1379 1401 

 
To highlight the effect of process parameters, three different combinations of laser power, 

𝑃𝑃, and scan velocity, 𝑣𝑣, are studied for a representative alloy, PWA-1426. The cases presented 
here are - Case A: 𝑃𝑃 = 900 W and 𝑣𝑣 = 2 mm/s; Case B:  𝑃𝑃 = 900 W and 𝑣𝑣 = 6 mm/s; and 𝑃𝑃 = 450 
W and 𝑣𝑣 = 6 mm/s. The process parameter values are selected to account for the melt pool 
development under a combination of high and low 𝑃𝑃, 𝑣𝑣 values. 

 

 
The melt pool dimensions for each case are plotted in Figure 4. There is a clear influence 

of both 𝑃𝑃 and 𝑣𝑣 on the melt pool geometry – a larger melt pool is observed for higher 𝑃𝑃 values 
while higher values of 𝑣𝑣 inhibit the size of the melt pool. Additionally, amongst the three melt 
pool dimensions, the melt pool length appears to be the most influenced by a change in process 

Figure 4. Variation of melt pool dimensions (depth, width, and length) for PWA-1426. 
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parameters. With this preliminary understanding of the impact of process parameters, the melt pool 
dimensions are analyzed over the range of alloys differing in composition, at constant 𝑃𝑃 and 𝑣𝑣. 
Figure 5 shows the depth variation of all ten alloys for Case B: 𝑃𝑃 = 900 W and 𝑣𝑣 = 6 mm/s. The 
results show that for the same processing parameters, GTD 444 has the largest melt pool 
dimensions while SR-99 has the smallest with the difference in the melt pool depth, length, and  
width being 6%, 25%, and 12%, respectively. 

 
To understand the differences in the melt pool dimension with composition, the melt pool 

dimension (depth) is studied as a response to the thermo-physical properties of all ten alloys as 
investigated in Figure 5. These results are consolidated in Figure 6.  Figure 6(A) shows the 
variation of the melt pool depth with the liquidus temperature, 𝑇𝑇𝐿𝐿. The results show a significant 
negative correlation with 𝑇𝑇𝐿𝐿. The temperature is the highest near the laser source and decreases 
away from the laser source. Since the definition of the melt pool boundary is the iso-surface of the 
liquidus temperature, a lower liquidus temperature would imply that the melt pool boundary would 
lie further away from the laser source, thereby, increasing the melt pool depth. Figures 6(B) and 
(C) illustrate the variation of melt pool depth with density, 𝜌𝜌, and thermal conductivity, 𝑘𝑘, 
respectively. For an identical laser power, the material with a lower density would have a higher 
volumetric heat flux which would, in turn, increase the melt pool depth. The effects of the thermal 
conductivity are observed to have the most prominent influence on the ten alloys tested. With an 
increase in thermal conductivity, the melt pool gets elongated, due to an improved heat flow via 
conduction. This reduces the penetration and hence the melt pool depth is smaller with an increase 
in thermal conductivity.  

Similar plots are also made to investigate the effects of the specific heat, 𝑐𝑐, and the thermal 
diffusivity, 𝑎𝑎, on the melt pool depth as shown in Figures 6(D) and (E). However, no correlations 
are observed between the specific heat and the thermal diffusivity. One would expect the influence 
of thermal diffusivity to be prominent due to an improved heat flow via diffusion which would 
increase the area of the melt pool along the scan direction and, hence, decrease the melt pool depth. 
The specific heat controls the rate at which the material would respond to heat flux thereby 

Figure 5. Variation of melt pool dimensions for ten alloys processed at Case B: 𝑃𝑃 = 900 W and 𝑣𝑣 
= 6 mm/s. 
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suggesting a lower specific heat may contribute to an increase in the melt pool size. Models of 
higher fidelity are, thus, required to capture the relationship between the thermophysical properties 
and melt pool with better accuracy and reliability. 

 

 
The 𝑝𝑝 values for the regressions are also reported in Table 3. The small 𝑝𝑝 values (< .05) 

for 𝑇𝑇𝐿𝐿, 𝜌𝜌 and 𝑘𝑘 also confirm the significance of predictions. However, both specific heat and 
thermal diffusivity do not appear to be significant (𝑝𝑝 > .05) for the ranges evaluated. This gives 
an important insight into what variables are critical. E.g., While building predictive models for 
melt pool geometry, specific heat and thermal diffusivity could be avoided. Including non-
significant variables can affect the accuracy and increase the dimensionality of the input space, 
thereby requiring more data. 

Figure 6. Variation of melt pool depth with (A) 𝑇𝑇𝐿𝐿, (B) 𝜌𝜌, (C) 𝑘𝑘, (D) 𝑐𝑐, and (E) 𝑎𝑎. The dotted linear 
fit and R2 values are also indicated on each plot. 
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Table 3. 𝑝𝑝 values reported for the linear regression. 
 

Term 
Variable 

Coefficient Variable 

TL 0 .001 
ρ 0 .05 
k 0 .015 
c .001 .923 
a 0 .366 

 
Conclusion 

 
A three-dimensional analytical melt pool model based on the work of Eagar-Tsai is developed 

and validated with results reported by Ning et al. and Anderson et al. with predictions resulting in 
average errors of 4.3% and 9.4%, respectively. These results are obtained after appropriate 
calibration of the beam distribution parameter and/or the laser absorptivity coefficient. The model 
is interrogated to evaluate the effects of the thermophysical properties resulting from the different 
alloy compositions on the melt pool dimension. The melt pool dimensions show significant 
correlations with density, liquidus temperature, and thermal conductivity. It is anticipated that this 
model can provide the desired fidelity for quick screening of alloy compositions and process 
parameters. 

 
While the developed model can provide sufficiently accurate results, its accuracy may be 

improved by including additional parameters at the cost of added complexity. Some of these 
additions that would be expected to improve model accuracy include using temperature-based 
thermophysical material properties, including provisions for finite dimensions, incorporating 
convective and radiative heat transfer, and adding latent heat effects due to phase change. In the 
future, surrogate models [9] will be developed over a wide range of alloy compositions. Since the 
alloy composition is a high-dimensional space (i.e., the number of elements in an alloy is fifteen 
or more), suitable dimensional reduction methodologies need to be implemented. The Eagar-Tsai 
model is not accurate. To improve the accuracy of the prediction, multi-fidelity surrogates will 
also be developed [17].  
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