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Abstract  

Microstructural evolution of materials under specified process conditions and parameters can be predicted by thermal modeling of additive 
manufacturing laser processes. The objective of this study was to develop, analyze and compare two methods for prediction: an analytical 
method and a numerical method for laser processing of Inconel 625 material. These methods were compared with experimental results for 
thermal profiling, and the effect of thermal profiles on microstructure of the experimental samples was explored. Maximum temperature and 
cooling rate of the numerical method were shown in good agreement, while the analytical method proved more challenging when compared to 
the experimental results for three laser parameters. Cooling curves were correlated with microstructure in terms of grain size, morphology, and 
orientation, with findings trending with parameter adjustments. This research supports the numerical modeling approach as a method for 
examining optimal laser processing conditions for Inconel 625 that is ideally suited for complex fluid flow analyses.  
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Thermal history (e.g., cooling rates, temperature 

gradient) associated with laser processing dictates 
microstructural evolution patterns [1, 2] such as segregation 
[3, 4] or crystallographic texture [5]. Comprehensive review 
of this relationship in additively manufactured materials is 
provided by Clare et al. [6]. However, temperature and 
microstructural evolution are difficult to experimentally 
measure in real-time during the laser metal additive 
manufacturing (AM) process due to intrinsic rapid heating 
and cooling rates [7, 8]. This challenge has led to the 
emerging opportunity for methods outside of physical 

experimentation, such as computational modeling, to be utilized  
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as a viable way to explore the process-structure-property 
relationships in AM processes [9].  

There are two main approaches to computational modeling: 
analytical and numerical. While analytical modeling provides a 
quick and reliable way of gathering thermal information for 

1 . Introduction     
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welding applications, this approach is not ideal in situations 
where analysis of microstructure or profiling is required due 
to highly simplified assumptions for what are often highly 
complex laser AM processes. On the other hand, numerical 
modeling, though costly from a computational aspect, is 
based on constitutive equations developed and solved 
numerically, and provides more realistic physical results 
because of the inclusion of fluid flow analysis. Promoppatum 
et al. [10] provides comparison of analytical and numerical 
approaches to predict microstructure and while both were 
found to perform well for ther-  
mal and microstructural prediction at low energy inputs (less 
than 200-300 W), it was found that high energy input 
processing renders the analytical approach less accurate than 
the numerical approach.  

Early research on modeling heat source for welding 
applications was done through the work of researchers such 
as Rosenthal [11] and Goldak [12]. As a popular method for 
modeling, Goldak’s double-elliptical model has been a 
foundational model for researchers to build upon [13, 14, 
15]. Gery et al. [16] incorporates C++ programming into 
Goldak’s method to develop 2D and 3D finite element 
modeling that defines a moving distributed heat source for 
plate butt welding processes. Predicted peak temperatures 
were higher for the 2D model than those predicted in the 3D 
model, but no experiments were completed in the study. Bag 
et al. [17] incorporates Goldak’s method into a conduction 
mode heat transfer numerical model with adaptive 
volumetric heat sourcing for analyses of weld pool 
dimensions. By using the conduction mode of heat transfer 
in attempt to eliminate the need of a-priori knowledge of 
heat source parameters, the numerical model was shown to 
provide information on effects of process parameters on 
weld pool dimensions. Challenges were shown to exist in 
predicting weld pool shapes, thus providing a model useful 
for fast a-priori understandings for influences of process 
parameters on laser spot welding processes. Mirkoohi et al. 
[18] provides five specific heat source models constructed 
through the Goldak method which are compared for 
accuracy, and findings concluded that the double-elliptical 
model had the best performance to predict the melt pool 
geometry and temperature gradients for a wide range of 
laser parameters. Although the modeling developed by 
Mirkoohi et al. [18] is able to provide temperature specific 
information, it lacks a dynamic component to capture 
thermal profiling of laser processes. Nevertheless, all of 
these methods for modeling continue to be customized and 
updated for specific applications and material combinations, 
emphasizing the usefulness of modeling for AM applications.  

In an attempt to predict microstructure based on thermal 
impact, time-dependent material phase transformation 
becomes critical in assessing final performance for materials 
such as nickel-based alloys, where in welding processes alloy 

elements can segregate and result in varying heating and cooling 
rates throughout the weld bead. Thermal history and 
microstructural evolution (grain morphology, grain size, and 
texture) considering time dependency of material phase 
transformation has rarely been studied [19]. Youseff et al. [20] 
developed a threedimensional finite-difference analysis model to 
predict thermal and clad layer morphology and geometry 
evolution of laser powder cladding of Ti6Al4V alloy. This model 
led to the conclusion that increasing the parameters of laser 
power and scan speed increases the heating and cooling rates. 
Laser power contributed most to the peak melt-pool and heat 
affected zone temperatures when compared to experimental 
results, and the quick movement of the scanning laser beam lead 
to the scan speed having more effect on cooling rate than power.  

Due to inevitable variation within the processing 
environment, work by Huang et al. investigated process 
parameters for influence on localized transient thermal 
characteristics (temperature, cooling rate) and solidification 
parameters (thermal gradient (G) and solidification rate (R)) in 
order to rapidly predict microstructural evolution for SS316L 
and Inconel 625 (INC625) [1]. Thermal characteristics and 
solidification parameters were simulated, and evidence of 
correlating higher cooling rate (G×R) to finer microstructure 
were reported. Though this analytical model proved a viable 
option for in-situ prediction of thermal characteristics and 
realtime microstructural control, further work on optimizing 
calculation time was suggested. The role of melt pool geometry, 
peak temperatures, temperature gradients and cooling rates in 
laser processing of INC625 on microstructure were predicted 
through comparing a 3D finite volume modeling method (based 
on the heat conduction solidification equation model) with and 
without fluid dynamics with experimental validation [21].  

The main drawback of simulating AM processes is the 
computational cost for accurate predictions of process and 
microstructure. However, optimizing the development and 
runtime of a simulation has been shown to be effective at 
overcoming this drawback. Simulation optimization has been 
studied by investigating mesh strategies and computational cost 
for laser processing, providing potential direction for increasing 
efficiency for process parameter optimization [22]. Optimization 
of parameters for input into Goldak’s (1984) analytical 
doubleellipsoidal heat source model was performed based on 
isoparametric transformation and computer graphics [23]. The 
effects of fluid flow on weld pool shapes were not considered, 
thus eliminating information for microstructure prediction 
through fluid flow analysis.  

Despite these studies showing extensive evidence that 
modeling is an effective means to explore process parameter and 
thermal influence in AM laser processes, a gap remains in finding 
a mode for advancing AM modeling to explore the process-
structure-property relationship in an optimized and cost-effective 
way. For time-dependent material phase transformation in 
popular materials such as nickel-based alloys, the importance in 
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choosing the correct computational approach is lacking in 
literature. Studies show the viability of computational 
models as a valuable option to capture AM processes while 
reducing experimental costs. However as a first step, few 
studies compare the analytical and numerical approach 
against each other, with the aim to explore processstructure-
property relationships through comparison of modeling 
results with experimental validations.  

In the present study, two approaches for predicting 
thermal history in materials due to laser processing are 
presented and compared. As a popular material choice for 
application in extreme environments such as aerospace, 
marine engineering, and nuclear reactors where high strength 
and corrosion resistance properties are needed, INC625 was 
chosen as a study material due to the popularity in additive 
manufacturing where high heating and cooling rates of laser 
processing can drastically impact microstructure and 
ultimately final performance. First, modeling of laser plate 
scanning using INC625 by analytical and numerical method 
are proposed and compared. Next, both methods are 
compared and validated with experimental results 
considering thermal history and cooling trends. Finally, 
microstructural evolution of INC625 on experimental results 
is discussed as it relates to the cooling curve trends found in 
each case examined as further means of validating the 
accuracy and utility of each method towards material 
property analysis.  
2. Modeling Methodology  

2.1. Analytical Method  

The analytical method that is presented is based on the 
closed-form solution (temperature as a function of input 
parameters) previously reported by Goldak [12] and is coded 
for different heat source geometries (shown in Figure 1 and 
described in Equation 1),  

q(x,y,z,t) =  

 

 

  2 2 2   2 2 2  

where subindex i represents either f (front) or r (rear), and ff and 
fr are the relative amount of heat applied to the front and rear 
portion of the heat source. The constraint shown in Equation 2 is 
commonly applied [15] to ensure continuity of heat deposition, 
q, across the heat source.  

  ff  fr  

  =  (2) cf  cr  

Building on Mirkoohi et al.’s [18] double-elliptical heat source 
model, the current work expands the thermal analysis into 
dynamic time-dependent multi-track laser scans on an INC625 
plate. Mirkoohi et al.’s (2019) modeling approach is static. The 
presented method incorporates the movement of the fiber 
laser, providing a thermal history at any point in the specified 
area of interest, rather than temperature profile at a single point 
in time. The chosen approach utilizes the analytical method to 
generate a double-elliptical heat source model, which is a 
geometric heat source model of a 3D doubleellipsoidal shape 
with a discretized mesh used to solve for temperature. In this 
work, heat loss due to convection and radiation was not 
considered, and heat conduction is considered through the 
semi-infinite body. Solving for the temperature field from the 
double elliptical heat source is done using a Green’s function 
approach shown in Equation 3.  

 
  

  0  12D(t − tʹ) + a2 + p12D(t − tʹ) + b2  
  h  i ʹ  

× frAr(1 − Br) + ff Af (1 + Br) dt  
where modified heat capacity is considered in the thermal 
diffusivity term, D, and,  

    2   
(x−Vt)  

  exp −3   ʹ  2  

 
A(i) =A(x,t,tʹ,ci) = q   i   

  2  12D(t − tʹ) + c2i  

c  

(4)  

  ʹ   i(x − Vt)   

6 P √ η  √ 3     cff r rff  expexp  −−   33 (( xx −− cVtVt r 2 f  )) 2 
  −−   

33 ayay 22 
  −−   33 b z b z 22 

  forxforx  <>   vtvt   (1)   π π ab  ×  c C  

  
12 D ( t − t  ) + c   
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B(i) =B(x,t,t ,ci) = erf q  

  2  12D(t − tʹ) + c2i  D(t − tʹ)  

This model can be used to predict the temperature at each 
location (x,y,z) at each timestep t that results from the heat 
source applied at the timestep tʹ and location (xʹ,yʹ,zʹ). When 
applied at distinct timesteps, temperature in and around the 
heat affected zone (HAZ) was predicted.  

For the developed model, this heat source model is applied to 
the entire plate to include temperatures of both the HAZ and the 
surrounding areas to this zone. At each timestep, the temperature 
at each node is updated according to the model calculations with 
temperature-dependent properties of modified heat capacity and 
thermal conductivity. Modified heat capacity allows energy 
deposited into the baseplate by the laser generated on the surface 
of the plate. This mesh also allowed for temperature data at the 
nodes within this temperature field to be interpreted for analysis 
and comparison with the numerical model and experimental 
results.  

to be taken into account by considering the latent heat of fusion 
during phase transformation in the heat capacity properties. The 
modified heat capacity is expressed in Equation 5:  

  m  δf  

  Cp = Cp(T) + Lf    (5)  
δT  

where Cp is heat capacity, Lf is latent heat of fusion, f is the 
liquid fraction taking into account the liquidus and solidus 
temperatures of the material [12].  

The analytical method for predicting temperatures of laser 
AM processes through heat source modeling provides for 

distinct equations that solve exactly for specific points. Unlike 
the numerical model, the mesh did not need to resolve a heat 
source model. Rather, the mesh had to have a resolution high 
enough to capture an accurate temperature field for the melt 
pool and the HAZ. Shown in Figure 2, a mesh of 0.152 mm was 
chosen, providing for a unique temperature field to be  
2.2. Numerical Method  

Developed using the commercial computational fluid 
dynamics (CFD) software Flow-3D, the numerical method uses 

the Fractional-Area-Volume-Obstacle-Representation (FAVOR™) 
method and the Volume-of-Fluid (VOF) method as a 
volumebased approach to computational modeling. The VOF 
method provides (1) the surface position, (2) an algorithm to 
track the surface as it moves along the mesh, and (3) a mode for 

  

Figure 1. Closed-form solution heat source model [12].  

  

Figure 2. Inconel 625 plate scan meshing with closeup of laser point.  
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applying boundary conditions at the surface. The FAVOR™ 
method utilizes a simple rectangular grid construction mesh 
design. Reasonable temperature readings were assumed 
through the limitation of maximum vapor pressure in the 
numerical model. Temperaturedependent material properties 
were considered for both the molten and solid materials. These 
properties are thermal diffusivity, and surface tension.  

In CFD the governing equations are nonlinear, and the 
number of unknown variables is typically large in comparison 
to other modeling methods. Under these conditions, implicitly 
formulated equations are solved using iterative techniques for 
time-dependent process solutions. Implicit solution methods  

were chosen for calculating the heat transfer and surface where (Gx,Gy,Gz) are accelerations of the body, (fx, fy, fz) are tension for 
two reasons: 1) stability is maintained with no limit viscous accelerations, (uw,vw,ww) are the velocity components to the size of 
the time step, allowing for large time step sizes where motions of each time step are calculated using the where available; 2) 
accuracy increases due to sufficiently small force and velocity data from the previous time step. The  
changes in time steps from one iteration to the next in order to  velocity of the fluid at the surface of the source relative to 

the maintain convergence [24, 25].  source itself is Us = (us,vs,ws).  

Differential equations that are solved in the numerical In order to evaluate heat transfer, the same general model are written 
in terms of Cartesian coordinates (x,y,z). The principle for predicting heat transfer and therefore  
general mass continuity equation is:  temperature in the numerical method as in the analytical 

model. The heat conduction equation is the basis of 
temperature prediction. In the numerical approach utilizing a 
first-order implicit method, the heat conduction equation can 
be discretized as:  

    ∂     
 Vf (ρµAx)+R ρ  
vAyz  
  x  ∂y  

= DT + DS  
∂z  x  (6)  

 Tin++11,j,k − 2Tin,+j,k1 + 2Tin−+11,j,k  

 D  ∆x2  

Tin,+j+11,k − 2Tin,+j,k1 + 2Tin,+j−11,k  
 +   

∆y2  
(8)  

Tin,+j,k1+12Tin,+j,k1 + 2Tin,+j,k1−1 !  

 where, (Ax, Ay, Az) are the fractional areas open to flow in the  +   
corresponding (x,y,z) directions, with the velocity components  ∆z2  
(u,v,w) in Cartesian coordinates. Vf is the fractional volume open  

to flow, ρ is the density (evaluated as a function of temperature),    D  Tin,+j,k1 − Tin,j,k  

DT is the turbulent diffusion term, and DS is the mass source.    +  Q(x,y,z,t) =    
Motion is accounted for by utilizing the Navier-Stokes vector  k ∆t equations of motion. The equations are 

adapted for the fluid velocity components (u,v,w) in (x,y,z) directions as:  
Mesh sizing was designed to analyze how the solution of the  

  ∂u  1 (  ∂u flow field in the form of pressure at the free surface changes.  

 
1 ∂p  D set with a zero-gradient condition at the boundary as well as a  

= − + Gz + fz − (w − ww − δws) ρ ∂z ρVF zerovelocity condition normal to the boundary. The upper z boundary was set to 

follow a hydrostatic distribution with  

  
  

            
ρµ       
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 )  2 Balance between the resolution and computation time of the model was 
determined based on the specific details of the  
  ∂u  ∂u Ayv 
 ∂t + VF uAx ∂x + experiment including output needs for maximum temperature vAyR∂y ∂z − ξ 
xV and mesh sizing appropriate to capture laser spot size.  

Maximum time steps were set to 0.001 s and controlled by  
  1 ∂p   stability and convergence. Based on the outcome of these  

studies, a 10 mm x 10 mm square centered on the plate was  = − + Gx + fx − ρ ∂x 

set to a mesh size of 0.07 mm while the outside of the center  

  ∂v  1 

( ∂v square cell size was increased to 0.1 mm. This allowed the  
 ∂t + VF vAx ∂x + vAyR mesh of the plate to be designed to have high refinement within the area of the plate impacted by the 40 µm 

spot size laser, while areas uninfluenced by the laser were set 
to a larger  

 Gy + f − ρ ∂ cell size for reduced computation time.  
Boundary conditions applied for all x and y faces included no- 

 slip condition at the boundary and a zero-velocity condition  + vA R normal to the boundary. The heat 
transfer coefficient for these  

 ∂t VF ∂x wall boundaries was set to 18 W/(m2 K), depicting a rigid 
substrate with convective heat loss. The lower z boundary was  

  

Figure 3. INC625 plate laser processing setup of (a) scan strategy and (b) demarcated EBSD scan direction.  
pressure at the boundary set to standard atmospheric pressure 
of 1.013 e5 Pa. Stagnation conditions outside the boundary were 
assumed in order to maintain zero velocity upstream from the 
boundary. Nitrogen shield gas was applied in the negative 
zdirection to match that of the equipment used in the 
experiment.  

3. Experimental Methods  

In order to investigate the effects of different laser powers on 
the thermal history and microstructural evolution, a 10 × 10 mm2 

geometry was laser cladded on the surface of an INC625 plate 
with the dimensions of 76 × 76 × 3 mm3. Three cases were 

explored to examine the effects of laser powers 75 W, 150 W, and 
225 W all with identical scan speeds of 200 mm/s and a scan 
strategy of zig-zag pattern with 20 µm hatch spacing. An example 
of the scan strategy is shown in Figure 3, where the INC625 plate 
was scanned starting in the lower XY plane of the scan area and 
moving horizontally along the X axis. This design was chosen to 
induce complex boundary conditions around the target position 
[26]. This scan strategy was chosen to guide laser parameters 
and movement. The process chosen for this research included 
parameters resulting in a 10 mm x 10 mm zigzag scanning 
pattern in order to provide enough heat to reach melting 
temperatures of INC625 within the power limitations of the 
experimental equipment.  

The printer used for the experiment was an ORLAS CREATOR. 
The ORLAS suite software was adopted to assign different laser 
parameters to the 10 × 10 mm2 geometry. A fiber laser with a 
maximum wattage of 250 W at 1070 nm and a spot size of 40 µm 

∂ w   1   (   ∂ w   
+   wA x   
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was used. An Optris PI 1M IR camera with a resolution of 56 × 72 
ppi and 16 × 20 mm provided the measurement area that was 
used for temperature measurement by incorporating one pixel 
of data sized at 300 × 300 µm2.  

INC625 plates were used, and unless otherwise cited, all 
material properties were gathered from FLOW-3D® material 
database and are shown in Table 1. Surface tension is expressed 
through a gradient due to the high uncertainty of the parameter 
for INC625 in literature. This allowed for three levels of the 
surface tension to be simulated, representing no fluid flow, an 
intermediate value previously recommended in literature, and a 
higher predicted value [27].  

Table 1. Thermal properties of INC625.  
Material Property  INC625  

Density (kg/m3)*  8650.3 - 0.8098T [27]  

Viscosity (kg/m s)  0.0072  
Specific heat capacity (solid) (J/(kg K)*  428.38 + 0.23638T [27]  
Specific heat capacity (liquid) (J/(kg K)*  750.65 [27]  
Thermal conductivity (solid) (J/m s K)*  12.296 + 0.01472T [27]  
Thermal conductivity (liquid) (J/m s K)*  8.9164 + 0.014743T [27]  
Liquidus temperature (K)  1623.15  
Solidus temperature (K)  1563.15  
Latent heat (kJ/kg)  272  
Surface tension gradient (kg/s2)*  1.882, 1.877, 1.866, 1.855 [27]  
Fluid absorption rate  0.3  
*Function of temperature  

3.1. Data Collection  

The temperature at specific points of the plate was 
measured using IR camera, which was calibrated to 
commercially pure copper. Although the material used in this 
experiment was INC625, calibrating to pure copper is a 
common and widely accepted procedure for IR camera data 
collection [28]. The IR camera was calibrated to the melting 
temperature of copper melt temperature at phase change, 
matching the temperature measured at the melt phase to 
temperature of copper.  

The points collected from the IR camera provided 
measurements of the melt pool and HAZ. Once the 
temperature data from the IR camera was collected, the data 
was processed and plotted on a temperature versus time graph 
to compare to the simulated data. The verification of both the 
analytical and numerical models was done through 
experimental validation using identical material and process 
parameters.  

In order to determine thermal history data for comparing 
the models and experiments, an alignment of data obtained 
from models with collected IR camera data was expected. The 
use of IR camera to capture thermal history is a common 
practice with AM monitoring [27, 28], and has been utilized 

successfully at capturing the HAZ thermal measurements [29]. 
In the analytical code these values are predicted through the 
use of the double-elliptical model of a steady-state moving heat 
source, collected at the specific nodes corresponding to the 
area measured by the IR camera. Data was collected at the 
center of the plate, with a total square area of 300 x 300 m2. 
For the numerical and analytical models, the average was taken 
from the temperature data obtained for each node within this 
area matching the IR camera collection.  

The frame rate of the IR camera was 1000 Hz, and time steps 
for the measured data were at a rate of 1 data point every 0.001 
s. A timestep of 0.001 s was chosen for the analytical code, 
providing a robust data set while maintaining efficiency of 
computation time. The numerical model was set for a maximum 
timestep of 0.001 s also, with the option of selecting data every 
0.01 s for the output data. This was done to further mimic 
experimental setup while allowing the option to see greater 
details than experimental capabilities.  

3.2. Microstructure Characterization  

Each 10 × 10 mm2 laser cladded geometry was cut from the 
experiment plate using wire electrical discharge machining 
(EDM) once perpendicular to the scan direction and once parallel 
to the scan direction to explore the depth of laser penetration. 
Each sample was mechanically polished using a standard 
metallography procedure to prepare cross-section samples of 
laser processed material for microstructural analysis. Electron 
backscatter diffraction (EBSD) was used to examine 
microstructure morphology through the evolution of increasing 
laser power for directions parallel and perpendicular to the laser 
scan (Fig. 3). The EBSD data collection was conducted using an 
Orientation Imaging Microscopy (OIM) Data Collection 7.2 
software in FEI Quanta 3D operating at 15 kV accelerating 
voltage, 1.7 nA beam current, and a step size of 500 nm. The 
collected data were processed using OIM Analyses 7.2 software.  

4. Results and Discussion  

4.1. Data Output Validations  

IR camera data collection provided imaging of the 
temperature field (Fig. 4-a), and an area of one pixel (300 x 300 
µm2) that was representative of the laser spot size was set as a 
basis for data collection among all three case studies. The 
analytical method was able to provide a distinct temperature 
field, shown in Figure 4-b, where data was gathered to represent 
the valid nodes that fell within the 300 x 300 µm2 area on the 
surface of the plate. Taking the mean average of the values, one 
pixel for the IR camera was represented analytically. The 
numerical modeling data was gathered in the same manner (Fig. 
4-c), and the method of interpreting the data provided a 
reasonable comparison among all case studies.  
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Resulting individual line scans are observed for each of the 
line passes for each case study; analytical method, numerical 
method, and experimental results. Shown in Figure 5-a, data 
from the experimental case study is shown in its entirety. Due 
to the large amount of data collected for each case study, single 
line scans represented as maximum peak temperatures were 
explored for information on cooling rates (Fig. 5-b). Exampled 
with the 225 W laser power parameter, maximum distance 
between two consecutive peaks is equidistance (Fig. 5-b), 
indicating the data that was collected through the analytical 
and numerical methods was accurately meshed with cell size 
appropriate to capture maximum temperature peaks. This also 
confirms that the experimental data was able to provide 
reasonable resolution of the experiment to compare with the 
models. Due to the limitation of the IR camera minimum 
temperature reading of 600 ◦C, cooling rate detail below this 
threshold is not captured in the experimental results.  

4.2. Thermal Histories and Cooling Trends  

The thermal history results of the analytical method, 
numerical method, and experimental runs are overlaid and 
shown in Figure 6, and summarized in Table 2. The analytical 
method shows a steep symmetrical increase and decrease in 
CR, with continuous exponential growth in the maximum 
temperature. There are reasonable explanations for the 
behavior seen in the analytical method. Exponential growth in 
modeling such as the analytical model in this research has been 
seen in previous research, where laser absorptivity 
phenomenon occurs when the surface temperature is not 
explicitly capped at the boiling point, causing heat flux to 
increase exponentially [30, 10, 31]. The absorptivity 
phenomenon was possibly due to the heat transfer 
assumptions of the model, specifically with how conduction is 
represented through temperature-dependent material 
properties (heat capacity and thermal conductivity) given in 
Equation 8. This type of error was seen in the numerical 
method prior to adjusting conduction boundary conditions to 
allow for nonconforming meshing. As mentioned in the 
methods section, the meshing was built to optimize mesh size 
by creating higher resolution at the surface. Non-conforming 
mesh allowed for the solver to more accurately capture heating 
and cooling curves for each scan. As a result of more accurate 
boundary conditions, the numerical method trended more 
closely to the experimental results and was able to better align 
both heating and cooling rates with those of the experimental 
than what the analytical method could predict.  

The change in maximum temperature that occurs from 75 W 
(Fig. 6-a) to 150 W (Fig. 6-b) increases in all cases, while the 
change from 150 W (Fig. 6-b) to 225 W (Fig. 6-c) decreases in 
both the numerical method and experimental runs only. 
Additionally, both the numerical and experimental results show 

a steep heating rate with a lower CR, consistent with expected 
results from previous studies on INC625 laser processing [32, 33,  
34]. The numerical method shows good agreement with the 
experimental results. The maximum temperature had an 
average error of 9%, while the CR had an average error of 4%. 
These differences align with literature reported average errors 
ranging from 9-24% [21, 31] for simulation modeling.  

Table 2. The maximum temperatures and cooling rates for analytical and 
numerical simulations and experimental results of Inconel 625 plate scan for 75 
W, 150 W, and 225 W.  
Method  Trial  Max  CR (◦C · s−1)  

    Temp.  Single Line  

    (◦C)  Scan  

Analytical  75 W  951  1.3x104  

  150 W  1877  4.1x104  

  225 W  2470  5.4x104  

Numerical  75 W  950  2.0x104  

  150 W  1771  2.7x104  

  225 W  1623  2.2x104  

Experimental  75 W  1304  1.6x104  

  150 W  1719  2.8x104  

  225 W  1720  2.4x104  

A stable or decreasing maximum temperature and CR from 
150 W to 225 W is observed (Table 2) in the numerical method 
and experimental results, possibly due to INC625 material 
properties such as thermal conductivity, heat capacity, and 
surface tension which could allow for a thermal increase shown 
as a deeper penetration rather than surface temperature result. 
This can be explained through works examining melt pool 
dimensions where the increase in laser power increases melt 
pool dimensions both horizontally and vertically [21]. According 
to the heat conduction equation, thermal conduction and 
convective heat transfer contribute to heat flow, so with the high 
conductivity of INC625 it is possible that the heat at the higher 
laser power of 225 W was not reflected as a higher maximum 
temperature in the surface examined because of the larger area 
that was being impacted by the heat transfer process.  

4.3. Cooling Trends and Microstructural Evolution  

Unprocessed and processed samples for each of the laser 
powers were analyzed using Inverse Pole Figure (IPF) mapping 
through EBSD imaging in order to understand the impact of heat 
on the build plate from a depth standpoint. Results are shown in 
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Figure 7 in both the parallel and perpendicular scan directions as 
described in Figure 3, where the parallel scan direction 
corresponds to the x and z axes and the perpendicular scan 

direction corresponds to the y and z axes. Analysis of the laser 
effected area is shown with thick black borders within each 
sample to emphasize the area of interest within each base plate.  

  

Figure 4. Temperature gradient for (a) IR camera experiment data output, (b) analytical model using double-elliptical heat source, and (c) numerical.  

  

Figure 5. Segregated line scan results for (a) 225 W experimental results and (b) snapshot of individual line scans for analytical model, numerical model, and 
experimental results.  

  

Figure 6. Maximum temperature line scan (single line scans at center point of the plate) results for analytical, numerical, and experimental thermal profiles of (a) 
75  

W, (b) 150 W, (c) 225 W.  

The unprocessed samples shown in Figures 7-a-b exhibit a 
random grain orientation, typically seen in unprocessed 
INC625. The first direction shows a slightly higher orientation 
towards a < 001 > direction, which is commonly found in 
unprocessed INC625. EBSD imaging in the parallel scan 
direction for 75 W exhibits generally columnar elongated 
grains, with equiaxed grains at the surface (Fig. 7-c). This has 
been experienced previously in literature [35, 36].  
Directionality of this 75 W sample in the parallel scan direction 
is non-dominant. In the perpendicular scan direction for 75 W 
(Fig. 7-d) the elongated grains extend from the surface and 
appear slightly curved. This phenomenon can be explained 

through a closer look at the spatial imaging of the laser scan, 
where the strength of heat flow is prioritized first through 
thickness and second laterally, where the lateral heat flow is 
generated perpendicular relative to the scan [37, 38]. The 
difference between parallel and perpendicular grain 
orientation is reported in prior work [37, 39, 40, 41], explaining 
why the perpendicular scan direction exhibits long columnar 
grains extending to the surface, while the parallel scan 
direction results in equiaxed at the surface with columnar 
grains beneath as each pass of the laser advances at 20 µm 
hatch spacing with each line scan. Another possible 
explanation for this phenomenon could be through its 
relationship to the high orthotropic properties of INC625, 
where these elastic properties in two or three planes could be 
perpendicular to each other. Elastic properties of INC625 as  
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they relate to processing  

  

Figure 7. EBSD imaging of laser plate scan for: unprocessed sample in (a) first direction and (b) second direction; 75 W in (c) parallel and (d) perpendicular scan 
direction; 150 W in (e) parallel and (f) perpendicular scan direction; 225 W in (g) parallel and (h) perpendicular scan direction. **Dark boxes indicate area for scan 

analysis of grain size.  the grains increases from the 75 W samples, and a stronger 
movement from vertical columnar grains to horizontal 
columnar grains is observed, likely due to the stronger 
direction  

parameters have been discussed in literature [38], but have not of heat flow as mentioned above. It is shown by Zhou et al. [42]  
been deeply explored. that in Ni-based materials with FCC structure, (100) planes align  

The IPF maps for 150 W are shown in Figures 7-e-f and it can with the fastest heat transfer direction. The majority of red  
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be seen again that the parallel scan direction exhibits equiaxed within the IPF maps (Figs. 7-e-f) show the < 001 > direction is  
grains on the top surface with columnar grains beneath, while normal to the 150 W sample.  
the perpendicular scan direction shows columnar grains. In  

While the general orientation of grains for both parallel and  
both scan directions for the 150 W laser power the thickness of  

perpendicular scan directions does not change drastically from  
150 W to 225 W (Fig. 7-e-h), the size of the grains deepens in 
the z-direction as the depth of heat increases and results in 
longer and wider grains. The evolution in grain size from 75 W 
to 150 W to 225 W is related to the laser power where as melt 
pool size increases the grain size also increases. As shown in 
Figure 8, increasing laser power results in increasing grain size 
in terms of diameter as a function of area fraction. However, in 
the parallel scan direction (Fig. 8-a), it is shown that the 150 W 
laser parameter resulted in larger diameter grains than 225 W. 
Based on the understanding that at a single point in time the 
CR dropped from 150 W to 225W (Table 2), this result aligns 
with our heat flow discussion and is validated in the 
perpendicular scan direction shown in Figure 8-b as a significant 
increase from 150 W to 225 W in grain size diameter. This 
indicates the heat flow in the perpendicular scan direction 
dominated over the parallel scan direction.  

The evolution of microstructure observed in the 
experimental results is explained through the trending 
maximum surface temperature and CR (caused by laser power 
and scan speed, respectively) that are observed in both the 
numerical method and experimental results. While the drop in 
maximum surface temperature and CR at 225 W was not an 
expected outcome, the consistency with numerical modeling 
and experimental results validates the use of laser power 
manipulation as one means of tailoring the microstructure. This 
observation is evidence of the importance in understanding the 
thermal history within laser processing and the value that using 
a numerical method for modeling can provide to understanding 
laser processing parameter impact on final properties. As 
demonstrated in previous work, solidification microstructure 
can be examined and customized by understanding heat flow 
effect on grain evolution through the use of coupling numerical 
modeling methods (such as the one presented in this research) 
with methods such as cellular automation method [43], an area 
of simulation investigation worth further exploration to better 
understand and predict the process-microstructure 
relationship.  

4.4. Comparison of Analytical and Numerical Models  

In contrast, the analytical method ran using 1 core at a time 
per simulation on an Intel Xeon Gold 6130 CPU 2.10 GHz 
running on a high-performance cluster. By using a cluster, all 
simulations could be ran simultaneously and took roughly 55 
minutes to complete. Additionally, the analytical model 
parameters used the suggested shape coefficients from Goldak 
et al. [12] for the heat source model, which means that the 

model may be less accurate with alloys that do not fit this 
general assumption well. In terms of simulation time, the 
analytical method proved advantageous for running parametric 
studies, particularly those used to determine trending patters 
where multiple simulation runs are necessary. However, 
changes to model assumptions would need to occur to account 
for significant melt pool behavior changes and material 
properties for materials such as Inconel 625 in order to provide 
more meaningful results.  

Although the solving methods used in the numerical model 
are optimized for simplicity, the predictions are computationally 
expensive. Ran locally on 10 cores on an Intel i9-10900 2.80 GHz 
processor, the numerical method took advantage of these cores 
for solving and completed each simulation in 6.0 hours. The 
accuracy of the numerical method to experiment was far 
superior to the analytical method, better accounting for 
conductivity through the build plate and providing thermal 
history that could be related to microstructural evolution. The 
numerical method proved to be a better solution for exploring 
complex alloys such as Inconel 625.  

5. Conclusions  

This study presents analytical and numerical methods that 
predict time-dependent thermal history based on process 
parameters during laser processing of INC625. Both methods 
were compared against experimental results with respect to 
accuracy and efficiency. Experimental samples were analyzed in 
terms of microstructural evolution with respect to laser power 
increase and related to thermal history. The key findings of the 
study include:  

(1) The analytical method resulted in a 
significantly steep CR and exponential maximum 
temperature with increased laser power as compared 
to that of both the numerical method and experimental 
results. This was likely caused by the representation of 
conduction in the models heat transfer assumptions 
along with the complex material properties of INC625. 
This made the analytical method not well suited in this 
work.  

(2) The numerical method predicted thermal 
history and CR in good agreement with experimental 
results, with heat transfer accurate in providing a link to 
predicting tailored microstructure through thermal 
control.  
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(3) While the analytical method is less 
computationally expensive, it was not a good fit for 
modeling laser processing of INC625. Contrastingly, the 
numerical method proved superior for accurate 
thermal predictions for heat flow analysis that could be 
related to tailoring of microstructure.  
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