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Abstract 

The welding process is a potential way of repairing a damaged metal component, especially cavity 

damage caused by a harsh environment like the lunar environment, which is characterized by large 

temperature differences and reduced gravity. The adjustment of welding parameter (e.g., hatch spacing) 

can improve production efficiency in the repair process. Seen from the microstructural level, hatch 

spacing sensitivity affects the metallic grain evolution and morphology in the welding process, which can 

further influence a repaired part’s mechanical properties; however, the study of hatch spacing’s effect on 

microstructure is challenging. Traditional experimental procedures are costly and time-consuming, and 

any change in hatch spacing value needs roll-back of experimental procedure. A modeling study can 

address the above challenges in experimental observation. In this research, a modeling approach based on 

the Kinetic Monte Carlo (KMC) Potts theory was used to simulate grain evolution and morphology with 

three hatch spacings. Through quantifying and analyzing the predicted grain morphologies, the effect of 

hatch spacing on microstructure in a welding-fabricated part was investigated. The predicted grain 

morphologies were validated with an EBSD image of welding microstructure, which has been published 

before. The primary grain morphologies were columnar grains with a small amount of fine equiaxed 

grains formed in the scanning path centerline. When increasing the hatch spacing, the columnar grains 

become larger and lengthier, while the effect of hatch spacing on the equiaxed grains is not obvious. 

 

 

 

Keywords: Welding for repairing, hatch spacing, Kinetic Monte Carlo (KMC) Potts model, 

microstructure evolution 
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1.0 Introduction 

 

The welding process is a potential technique that can repair metal components serving in an extreme 

environment [1−6]. Flexible welding paths and portable operations enable the welding process to be an 

effective manufacturing technique in repairing damaged metal parts with specific geometry and shapes 

used in various aircraft and systems (as shown in Fig.1). Lunar exploration needs various metal 

equipment, facility, and components. The harsh environmental conditions on the Moon surface could 

cause damage and failure of metal components that require repair operations with welding. The welding 

process applies a mobile laser beam to locally melt the wire addition following pre-designed scanning 

strategies. Steep temperature gradient is created in welding parts through the spatially and temporally 

moving laser heat source, which leads to a rapid cooling rate. Such high cooling rate yields 

heterogeneous microstructures involving elongated columnar grains and equiaxed grains. During the 

welding process, the printing parameters show significant impact on the grain morphology in the 

microstructure [7]. Hatch spacing is one important process parameter in the welding process parameter 

group; it is the distance between two adjacent laser scanning paths. Adjustment of hatch spacing can 

effectively control internal void in welding a part and improve production efficiency. Most importantly, 

different hatch spacings can affect the grain morphology in the microstructure. For example, smaller 

hatch spacing can close the adjacent scanning paths so more grains formed in the previous scanning path 

will be involved in the melting/solidification process in the subsequent scanning path. Investigating hatch 

spacing’s effect on grain morphology is important since the mechanical properties of repaired part 

sensitively vary with the microstructure’s inhomogeneity. The influence of hatch spacing on grain 

evolution and morphology has been studied with experimental approach and discussed previously [8̶11]. 

However, traditional material characterizations with experimental methods are costly and time-

consuming. If the hatch spacing parameter is not constant, the entire experimental material 

characterization procedures have to be repeated from specimen preparation, etching, observation, to data 

analysis. Most importantly, understanding microstructural evolution during rapid solidification provides 

insights into the optimization of the welding process and the linkage of processing and microstructure. 
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Figure 1. In-space welding used for repairing a damaged metal cavity. 

In order to efficiently investigate hatch spacing’s effect on grain morphologies formed in the welding 

process and link the welding process with microstructure evolution, a KMC Potts modeling approach was 

used in this work. Three increased hatch spacing values (1.5 mm, 1.75 mm, and 2 mm) were defined in 

three welding simulation cases. The simulated grain morphologies were then quantified and analyzed to 

study hatch spacing’s effect.
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2.0 Modeling Approach: Kinetic Monte Carlo Potts Model 

 

The KMC Potts model was utilized as the modeling approach in this work. In a KMC Potts model, a 

microstructural grain is indicated using a group of lattice sites that are assigned with an integer index. All 

sites in a grain are defined with the same index value. The interfaces between the nearest neighboring 

sites with different indices are used to indicate grain boundaries [12−14]. The grain growth in welding or 

metal additive manufacturing process is determined by minimizing the grain boundary energy, i.e., 

calculated through the summation of the bond energy of neighboring lattice sites with different index 

values [7, 15, 16]. The calculation is performed using Eq. 1, where N is the total number of lattice sites; 

𝑞𝑖 and 𝑞𝑗 are the index at the grain lattice sites i and j; and L is the number of neighbors of each grain 

lattice site. A factor of 0.5 is applied to eliminate double-counting in the summation [7, 16]. One energy 

unit is contributed by each pair of different neighboring sites to the total system energy. The simulation 

of grain growth begins with reassigning a lattice site’s index to a different neighboring site randomly. 

This step causes a change in the overall system energy. The total energy of the system is recalculated 

with Eq. 1. Grain growth will happen if the index reassignment is accepted; otherwise, if the index 

reassignment is rejected, the grain growth will not happen. The probability of accepting the index 

reassignment is determined by the Metropolis function in Eq. 2 [7], where ∆𝐸 is the system energy 

change; 𝑘𝐵 is Boltzmann’s constant; and 𝑇𝑠 is the local site temperature. The index reassignment is 

successful if the energy change is less than zero, which means there is a decrease in system energy and 

grain growth will happen. Then, if the energy change is positive, the probability of grain growth or grain 

boundary migration will follow the Boltzmann distribution. 

𝐸 =
1

2
∑ ∑ (1 − 𝛿(𝑞𝑖, 𝑞𝑗))  

𝐿

𝑗=1

𝑁

𝑖=1

                                                     (1) 

𝑃 = {
𝑒𝑥𝑝 (

−∆𝐸

𝑘𝐵𝑇𝑠
)      𝑖𝑓 ∆𝐸 > 0

1                        𝑖𝑓∆𝐸 ≤ 0 

                                                        (2) 

𝑀 = 𝑀0 𝑒𝑥𝑝 (
−𝑄

𝑅𝑇(𝑡, 𝑖)
)                                                             (3) 

𝑃 = {
𝑀 ∗ exp (

−∆𝐸

𝑘𝐵𝑇𝑠
)   𝑖𝑓 ∆𝐸 > 0

𝑀                             𝑖𝑓∆𝐸 ≤ 0 

                                               (4) 
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In the laser welding process, the incident laser beam locally melts the metal substrate, forming a molten 

zone with intense thermal activity. Simultaneously, heat conduction from the molten zone into the 

surrounding solid material creates a heat-affected zone (HAZ) [17−19] characterized by steep 

temperature gradients and rapid thermal cycling. Grain evolution during welding is governed by the 

coupled effects of molten pool dynamics and solid-state microstructural transformations within the HAZ. 

As a result, both the mobility of the solid–liquid interface in the molten zone and the temperature-

dependent grain boundary mobility in the HAZ play key roles in determining the final grain-level 

microstructure. In order to simulate this process, some adaptations were made to the above KMC-Potts 

model. A grain boundary mobility with the local temperature is defined in Eq. 3 [7], where constant Q is 

the activation energy for grain boundary motion; 𝑀0 is the Arrhenius pre-factor; R is the gas constant; 

and T(t,i) is the local temperature with time t and location i. Then the probability of accepting the index 

reassignment for grain evolvement in the welding process is updated in Eq. 4 [7, 15]. Figure 2 shows a 

mechanism of grain evolvement in the welding process simulated with the KMC Potts model. A 3D view 

of the grain evolution with the molten pool and solidification boundary are schematically illustrated. As 

the molten pool advances along the weld path, the material in the trailing region rapidly solidifies, and the 

steep temperature gradients drive accelerated grain growth. Within the KMC Potts framework, 

microstructural evolution is represented through Monte Carlo state transitions, where lattice sites 

probabilistically switch their grain indices to minimize local interfacial energy. These index reassignment 

events can occur in two ways: (1) adoption of indices from previously solidified neighboring grains, 

corresponding to grain growth driven by interface curvature and temperature-dependent mobility or (2) 

reassignment among lattice sites newly emerging from the molten pool, representing grain nucleation 

during solidification. Together, these processes capture the competitive growth and nucleation dynamics 

that shape the evolving weld microstructure. 

 

(a)                          (b)                             (c) 

Figure 2. Grain and boundary in KMC Potts: (a) any single grain is defined with lattice sites with same color; (b) mobility 

function in the KMC Potts model; (c) simulated grain evolution. 
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The references [7, 15, 16, 20−21] introduced the details of how to simulate grain evolution with the KMC 

Potts model. To achieve high simulation efficiency and guarantee sufficient simulation accuracy, some 

assumptions were defined to neglect the unimportant details in the welding process according to the 

reference journal [18]. The welding process parameters and their definitions in the KMC model were 

referred from the journal [7]. These welding parameters include laser power (2 kW), spot size (4 mm), 

and transverse speed (600 mm/min). Three hatch spacing values are selected as 1.5 mm, 1.75 mm, and 2 

mm. Figure 2 describes the simulation domain. Three SS304L specimens were repaired with the three 

hatch spacings.  



 
 

12 
 

 

3.0 Simulation Results and Analysis 

 

3.1 Description of Predicted Grains 

The top view (Fig. 3) was selected to observe the grain morphologies with three increased hatch spacings. 

Columnar grains were the primary microstructure formation, and small equiaxed grains formed near the 

scanning path’s centerline. These morphologies are caused by the melted pool motion in welding repair 

or additive manufacturing. Materials input in the welding process are locally melted and then solidified 

with fast movement of a laser beam. The grain growth is driven by the high cooling rate and temperature 

gradient. Different hatch spacings result in varying melted pool moving history, which can cause 

different grain morphologies. Another finding is the relationship between grain morphology and hatch 

spacing. With increasing hatch spacing values, the size of columnar grains is increased. From the 

observation of simulated grain morphology, the columnar grains are larger and lengthier when the hatch 

spacing was 2 mm; when the hatch spacing was 1.5 mm, the columnar grains are shorter than the other 

two cases. Larger hatch spacing provides more space for columnar grain to coarsen, while smaller hatch 

spacing limits the grain growth. In addition, the equiaxed grain morphologies are not obviously affected 

by different hatch spacings.  
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Figure 3. Simulated grain morphologies with three hatch spacings (1.5 mm, 1.75 mm, and 2 mm). 

 

3.2 Quantifying the Simulated Grain Morphologies 

It is necessary to quantify the distinctive grain morphology generated in welding repair. In this study, the 

Image J software was used to quantify the grain morphologies under different hatch spacings. Two 

quantification parameters were considered: (1) aspect ratio and (2) grain size. Illustrations of aspect ratio 

and grain size are shown in Figure 4. An ellipse is applied to best fit a grain. The aspect ratio of the grain 

is the ratio of the ellipse’s minor axis and major axis [22]. The aspect ratio of the grain is a number 

ranging between zero and one. If aspect ratio is close to zero, this means the grain cross-section is nearly 
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circular. If aspect ratio is close to one, the grain cross-section has a needle-like shape. Grain size is the 

dimension of the major axis of fit ellipse [20].  

 

Figure 4. Grain aspect ratios and grain sizes under different hatch spacings. 

Figure 4 shows the grain aspect ratio and grain size’s histograms. Under different hatch spacings, the 

grain aspect ratio values were less than one. More than 50% of aspect ratio values were less than 0.6, 

which means a majority of grains have columnar morphologies. The first aspect ratio peak occurred near 

0.2 and 0.3. The grains with this aspect ratio are shown as lengthy or elongated shape. Under the hatch 

spacing of 1.5 mm, the aspect ratio peak is approached to 0.3; and when the hatch spacing is increased to 

2 mm, the aspect ratio peak is moved to 0.2. This means larger hatch spacing can generate much lengthier 

grains. The second grain aspect ratio peak occurred near 0.8. The grains with this aspect ratio are 

equiaxed grains. By observing Figure 3, it is apparent that some amount of equiaxed grains formed near 

the laser scanning path centerline. The second aspect of ratio peak at 0.8 can explain the formation of 

these equiaxed grains. In addition, different hatch spacings did not obviously affect the location of the 

second aspect ratio peak. 
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Besides the grain aspect ratio, another important indicator is grain size, which can quantitatively describe 

the effect of hatch spacing on microstructural morphology. Clearly both maximum value and average 

value of grain size increased under increasing hatch spacing. In the welding process, larger hatch spacing 

value easily provides more sufficient space for grain growth. The quantified grain size results in Figure 4 

can explain the direct view of simulated grain morphologies in Figure 3. 

3.3 Validation with Experimental EBSD Results 

 

Figure 5. Grain aspect ratio comparison in experiment [7] and simulation results. 

In order to validate the KMC Potts model, an EBSD image of a SS 304L welding specimen was referred 

from the journal [7] (Fig.5). The welding process parameters are the same in both the welding experiment 

and simulation cases. The hatch spacing in this case is 2 mm. The validation indicator is aspect ratio. The 

maximum grain fraction occurred at an aspect ratio of 0.2. The experimental EBSD image and the 

simulated grain morphology matched well. Furthermore, similar grain fraction trends can be observed in 

both the experimental EBSD and simulated grain morphology. The trends increase from zero to 0.2, and 

then gradually attenuate to zero.  
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4.0 Conclusion 

 

The conclusions of this study are stated as follows. Columnar grain is the primary grain morphology 

formed in the welding process. A small amount of small equiaxed grains appeared near the laser scanning 

path centerline. These features are very close under different hatch spacings. With the increasing hatch 

spacing values, the size of columnar grains is increased, since larger hatch spacing provides more space 

for columnar grains to coarsen. For the equiaxed grains, different hatch spacings did not obviously affect 

the grain morphologies. Adjusting the hatch spacing changes the grain morphology, the fractions of the 

columnar grains, and fine equiaxed grains in the microstructure. Therefore, based on the current progress 

in modeling grain evolution in the welding process, the outlook of this study is focused on tailoring the 

grain-level microstructure by optimizing the hatch spacing.  
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