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A B S T R A C T

Superior mechanical and functional properties, such as strength, ductility, and energy absorption capabilities, 
have garnered significant research interest in lattice structures, driven by advancements in additive 
manufacturing technologies. However, existing limitations in understanding the local thermal histories at the 
nodes and struts of lattice structures remain a topic to be explored. This study investigates the local thermal 
histories in lattice structures, focusing on variations in local microstructures. Numerical simulations, combined 
with detailed microstructure characterizations, reveal that nodes play a crucial role in determining the thermal 
history of lattice structures. The nodes and struts exhibit difference in grain size, porosity fractions and distortion 
due to heat dissipation. Furthermore, nodes and struts experience distinct thermal histories due to thermal 
cycling effects, resulting in microstructure heterogeneity.

1. Introduction

The development of additive manufacturing has enabled the fabri-
cation of complex geometries that would have been otherwise difficult 
to manufacture using formative or subtractive methods. One geometry 
that has gained attention in recent years is the lattice structure. Also 
referred to as lightweight metallic lattice structures or metallic foams 
[1], they have demonstrated superior properties, serving as prosthetics 
in sophisticated biomedical applications [2,3] as well as in structural or 
functional applications such as vibration isolation [4] and energy har-
vesting [5]. The fabrication of lattice structures through additive 
manufacturing is thus of great importance, as these two important 
technologies complement each other, enabling the production of com-
ponents tailored for specific applications [6,7].

The advantages of lattice structures are noteworthy, and studies have 
been conducted on their design [8,9], fabrication [10], mechanical 

testing [11,12], and advanced characterization [13]. These structures 
exhibit complex geometries, which necessitate optimization of machine 
settings and parameters to achieve desired microstructures [14]. 
Computer-Aided Design (CAD) is thus employed to efficiently explore 
the design space [15] and assess the effects of processing parameters, 
which play a critical role in addressing issues such as porosity, micro-
structure evolution, thermal profiles, and deformation during fabrica-
tion. Recent studies have addressed common challenges related to 
microstructure evolution [16], functional properties [17], weight 
reduction [18], and numerical simulations to perform thermal profiling 
of the overall structure [19–21]. Moreover, lattice structures have been 
designed with varying relative densities to assess their effects on 
deformation, while imperfections have been introduced to enhance 
strength at low relative densities [22].

Fabrication procedures have been developed for lattice structures, 
varying process parameters to note the effect on the resulting product 
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[23,24], and simulation studies have been conducted to investigate 
thermal profiles and histories of additively manufactured parts. More-
over, studies inspired by natural phenomena have sought to replicate 
damage-resistant responses observed in natural lattice structures, 
applying them in fabrication [25]. Liu et al. [26] studied the micro-
structural response of lattice structures to thermal gradients. Research 
has also been done on architecture materials known as Archimats [27]

with mutually conforming geometries based on their interlocking design 
concept [28]. These studies have been done on lattice structures and 
have also explored the development of patterned microstructures 
through Severe Plastic Deformation (SPD), which result in 
ultra-fine-grained materials [29]. Building on this, Alaña et al. charac-
terized the microstructure at the node and strut [30], but relied pri-
marily on experimental methods. Numerical simulations have been 
employed to study the mechanical response of lattice structures [31]; 
however, determining thermal behavior during processing has been less 
explored. The Finite Element Method (FEM) simulations to predict 
thermal profile and histories, which can provide insight into micro-
structure prediction, represent an area with considerable potential for 
further exploration.

While studies have been performed on various aspects of lattice 
structures, limited work has been done to determine the thermal profiles 
and histories at the nodes and struts through numerical simulations, and 

Fig. 1. (a) Schematic of the LPBF process, (b) powder morphology observed using SEM, (c) fabricated sample, and (d) enlarged view of the fabricated sample 
showing nodes and struts.

Table 1 
Dimensions of the FCC lattice structure.

Density (%) 10

Unit Cell Size (mm3) 2.5 × 2.5 × 2.5
Strut Diameter (mm) 0.25
Strut Thickness (mm) 0.42
Overall Dimensions of the Lattice Structure (mm3) 20 × 20 × 20

Table 2 
Process parameters used for the LPBF fabrication of the lattice 
structure.

Parameter Value

Laser power (W) 370
Laser scanning speed (mm/s) 1300
Hatch spacing (mm) 0.08
Layer spot size (µm) 70
Laser thickness (µm) 50
Laser scan rotation angle (◦) 67

Table 3 
Process parameters in transient numerical thermal analysis.

Build Settings in Simulation Value

Hatch spacing (mm) 0.08
Deposition thickness (µm) 0.04
Dwell time (s) 5
Preheat temperature (◦C) 22
Gas convection coefficient (for both build and cooldown conditions) (W/ 

mm2)
1 × 10− 5

Powder convection coefficient (for both build and cooldown conditions) 
(W/mm2)

1 × 10− 5
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to validate these profiles and histories with microstructure studies. The 
goal of this study is to bridge this gap by performing numerical simu-
lations to obtain the thermal history of lattice structures at the nodes and 
struts. The thermal histories predicted by numerical simulations, in 
conjunction with thermal cycling effects, will be validated through 
microstructural analysis such as grain size, pore fraction and distortion 
in the node and strut, to explore how microstructures at the nodes and 
struts are affected by distinct thermal histories as a function of distinct 
thermal dissipation. This study aims to ensure that the thermal behavior 
predicted by numerical simulations is reflected in the microstructure, 
providing a comprehensive understanding of the relationship between 
thermal history and microstructural evolution in lattice structures.

2. Materials and methods

2.1. Laser powder bed fusion process

The lattice structure was fabricated using Laser Powder Bed Fusion 
(LPBF) on a GE Additive Concept Laser M2 Series 5 machine. A 

schematic of the LPBF process is given in Fig. 1(a). A face-centered cubic 
(FCC) lattice structure with dimensions of 20 mm in length, width, and 
height, and a relative density of 10 %, unit cell strut diameter 0.25 mm 
and strut thickness 0.42 mm was fabricated using gas-atomized 
austenitic 316 L stainless steel powder, purchased from GE Additive. 
The dimensions are summarized in Table 1. The average particle size 
was measured to be 30 µm (Fig. 1b). To minimize the sample size effect 
[32], an 8 × 8 × 8 (XYZ direction unit cells) geometry was fabricated 
(Fig. 1c). Detailed processing parameters are provided in Table 2. The 
same fabrication methods were employed in our previous work [33], 
with different build parameters assigned to different regions of the 
lattice.

2.2. Microstructure and mechanical properties

After fabrication, the lattice structure was sectioned along the build 
direction and polished with diamond paste and colloidal solution for 
microscopic analysis. Electron backscatter diffraction (EBSD) analyses 
were performed to assess microstructural characteristics. The EBSD 

Fig. 2. Thermal properties used as material parameters in the transient thermal simulations to determine the thermal histories of the nodes and struts in the lattice 
structure with (a), (b) and (c) showing changes with temperature in density, specific heat, and thermal conductivity, respectively. (data of SS 316 L used from Ansys 
Workbench Engineering Data Version 2023 R1).
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equipment used was a Scanning Electron Microscope (Model Ultra-55), 
manufactured by ZEISS, with an accelerated voltage of 20 kV, working 
distance of 8 mm, and a step size of 2.27 µm. Data obtained through the 
FE-SEM EBSD were processed using AZtecCrystal Processing Software, 
with further processing done on EDAX OIM software.

To compare mechanical properties of the nodes and structs, nano-
indentation tests were performed at the nodes and struts separately 
using a Nanoindenter – XP G200 KLA. Twenty indentations were per-
formed at both the node and struts. Nodes and struts were tested at 10 

locations across the lattice structure, resulting in a total of 400 in-
dentations on the specimen. The maximum pressure (Pmax) was 20 mN, 
with a strain rate of 0.05 s− 1 used for the tests.

2.3. Finite element method simulations

The LPBF process simulation was conducted using ANSYS Work-
bench, utilizing the element birth and death method [34]. In this tech-
nique, all elements in the meshed geometry are initially inactive and are 
sequentially activated as the layers are deposited, mimicking the 
layer-by-layer nature of the LPBF process. The simulation model set-
tings, shown in Table 3, were aligned with the experimental conditions 
to ensure a close approximation of the thermal behavior observed during 
actual fabrication.

For heat transfer analyses, explicit FEM was used. Mesh size for the 
FEM model was carefully selected to balance computational efficiency 
and accuracy. A mesh size of 0.1 mm was used, corresponding to 10 
elements per mm. The total numbers of FEM nodes and elements were 
approximately 1,000,000 and 700,000, respectively. A Cartesian mesh 
with a projection factor of 0.5 was applied to ensure high accuracy while 
avoiding mesh failures that can result from excessive projection factors. 
This modeling approach allowed for accurate thermal profiling at the 
lattice nodes and struts, providing critical insights into temperature 
differentials and their influence on the material’s microstructure. 
Temperature-dependent thermal data, including density, thermal con-
ductivity, and heat capacity of 316 L stainless steel, used for the simu-
lations, are provided in Fig. 2.

3. Results and discussion

3.1. Transient thermal analysis to determine local thermal history at the 
node and strut

Thermal profiles at the nodes and struts of the lattice structure were 

Fig. 3. (a) Isometric view of the lattice 8 × 8 × 8 FCC lattice structure, (b) schematic of the thermal probes placed at the nodes and struts, (c) unit cell of the lattice 
structure, and (d) top view (z plane out of the page) of the lattice structure showing the geometrical origin.

Fig. 4. Temperature of the nodes recorded by the thermal probes. The values in 
brackets represent the coordinates of the probes relative to the origin, as shown 
in Fig. 2. The small temperature spikes indicate that the fabrication of nodes 
connected to ten struts increases the temperature of the overall system.
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recorded during the LPBF process. Transient thermal analysis [35] was 
utilized to calculate temperature variations over time, enabling a 
detailed mapping of the temperature distribution across the lattice 
during the LPBF process.

Following the analysis, temperature probes were placed at specific 
locations on the top, middle, and bottom of the lattice structure, as 
depicted in Fig. 3. These probes recorded temperature data as the laser 
approached and captured the effects of thermal cycling [36,37], which 
are crucial for understanding the microstructural evolution of the 
material.

As seen in Fig. 3, temperature probes were placed along the lattice 
geometry to determine the thermal responses. A graph plotting the 
temperature recorded by the probe over time, as seen in Fig. 4, shows 
that the temperature rises to 1370 ◦C during the scanning of the node, 
corresponding to the local temperature when the laser scans the node. 
The temperature at the probe location subsequently decreases as the 
laser moves on to scan the latter parts of the structure. As the laser scans 
the subsequent part of the lattice structure, thus moving away from the 
probe, we see this decrease in temperature.

Over time, subsequent temperature spikes occur, although they are 
not nearly as strong as the initial 1370 ◦C peak shown in Fig. 4. These 
peaks appear periodically, with each subsequent peak showing a 
decrease in intensity. The appearance of these peaks represents periodic 
temperature rises at the probe location, that is, the probe senses a rise in 
temperature from the fabrication procedure. The FEM simulations 
reveal that the periodic temperature rise corresponds to when the laser 
scans the node area. When subsequent nodes are fabricated, the tem-
perature probe records a spike, in contrast, when the laser scans the 
struts, no significant temperature spike is observed. This temperature 
variation is due to the different connectivity of the nodes to the struts at 
each layer [38]. As shown in Fig. 5, in the first layer, all nodes are 
connected to a total of ten struts: eight slant struts and two horizontal 

struts. However, in the second layers, the nodes are connected only to 
slant struts. Thus, when the laser scans the node connected to ten struts, 
a temperature rise in the overall system occurs according to FEM results, 
which is reflected in subsequent small peaks after the initial large peak 
in Fig. 4. The same pattern repeats in subsequent layers, resulting in an 
overall increase in system’s temperature, as observed by the tempera-
ture spikes shown in Fig. 4.

The temperature spikes can be attributed to the higher thermal mass 
of the nodes. Nodes have a greater thermal mass than the struts, 
allowing then to retain more heat as they are scanned by the laser. 
However, the release of thermal energy is also evident from the nodes 
due to their multiple connections to the struts. It can be inferred that 
when nodes with more connectivity are scanned, the overall tempera-
ture of the system rises. Simulations show a temperature rise of 100 ◦C in 
the overall lattice structure when the nodes connected to ten struts are 
fabricated, in comparison to the nodes which are connected to six struts 
the temperature rise is negligible. In relation to this, when probes are 
placed on the struts, their temperature also increases corresponding to 
when nodes are scanned. In contrast, no temperature spikes are 
observed when the laser scans the struts.

Fig. 6(a) represents the thermal cycling effects on the nodes and 
struts. Thermal cycling refers to the return of thermal energy to an 
already fabricated area [39]. Due to the increased connectivity of the 
nodes, which results in more heat transfer, the temperature at the nodes 
increases to a lesser extent after the initial peak compared to the struts. 
This is attributed to the node’s connectivity, as they are linked by 
multiple struts, allowing heat to dissipate more efficiently into the struts. 
In contrast, struts, being less connected, experience a greater rise in 
temperature due to thermal cycling, since their heat is not as efficiently 
dissipated as at the nodes. Fig. 6(b) shows the cooling rates experienced 
by the nodes and struts. As shown, the nodes experience more severe 
thermal behavior compared to struts. The maximum and minimum 

Fig. 5. Isometric view of the 8 × 8 × 8 FCC lattice structure and a sectioned view showing the connectivity of different types of nodes: connected by 6 struts and 
connected by 10 struts. Both types exhibit different thermal profiles, as shown in the enlarged top view from the LPBF hotspot calculation. The hotspot represents the 
temperature a layer cools down to before another layer is deposited.
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cooling rates of the node cover a broader range than those of the struts 
because the nodes accumulate more heat due to their higher thermal 
mass and dissipated more heat due to their connection to multiple struts.

Furthermore, FEM simulations reveal that the heat flux vectors for 
heat dissipation in the struts follow a single direction, as displayed in 
Fig. 7. The direction and magnitude of the vectors are noteworthy. The 
heat flux vectors show a higher magnitude for struts, this can be 
attributed to the geometry and continuity of the struts, which allow 
them to conduct heat along their direction. For nodes, the heat flux is 
less in magnitude as heat is dissipated and conducted to the struts 
joining the nodes. The direction of the vectors for struts follows the same 
gradient as seen in Fig. 7. For nodes, the vectors are directed out of the 
nodes which implies heat transfer to the adjoining struts. The area at the 
lower section of the struts is at a higher flux (500 W/mm2) than the 
upper section (250 W/mm2), implying heat is transferred from the 
upper side of the structure to the lower as a temperature difference of 
nearly 250 W/mm2 is observed at both ends. The heat flux vectors are 
also observed to be less concentrated near the nodes, implying more heat 
conduction at the nodes. This heat is conducted from the nodes to the 
struts, which in turn leads to struts dissipating the heat conducted to-
wards them from the node. This observation supports microstructure 
analysis, confirming that heat dissipation in the strut occurs in a single 
direction, leading to the characteristic microstructure of the struts, as 
observed.

3.2. Verification of thermal profiles through microstructural 
characterization and FEM simulations

This difference in thermal history between the nodes and struts 
directly impacts the microstructure [23], as seen in Figs. 8(a) and 9(a), 
specifically in terms of grain morphology. The higher thermal cycling 
effect in the struts, combined with their smaller cross-sectional area 
compared to the nodes, promotes grain orientation in a particular di-
rection, as predicted by FEA simulations. This results in the formation of 
elongated grains aligned with the thermal gradients, as seen in Fig. 8(a). 
Rapid cooling and repeated heating encourage grain growth along the 
heat flow direction, contributing to the elongation of grains along the 
strut length [23]. Since the struts have less surrounding material to 
conduct heat than the nodes, they exhibit a higher level of grain elon-
gation compared to the nodes [40–42].

As mentioned earlier, heat dissipation in the struts occurs in a spe-
cific direction, as evidenced by the microstructure in Fig. 9(a). Although 
nodes have a higher thermal mass than struts and can theoretically 
retain more heat, their increased connectivity creates a more dissipative 
thermal environment, reducing thermal cycling effects and resulting in a 
less oriented microstructure, as seen in the microstructure of the nodes. 
This heat dissipation changes with different geometries since there is 
different connectivity of node and strut in each geometry, such as FCC 
and BCC will exhibit different thermal behavior which in result results in 
microstructural changes [43,44]. A change in geometry manifests in 
varying mechanical properties as is shown by the studies conducted [45, 
46]. Currently our study focuses on thermal properties at the node and 
strut with one particular diameter of the strut, studies conducted with 
the scope of varying strut diameters have been reported where 316 L 
stainless steel strut diameters were varied ranging 0.25 mm to 0.5 mm 
[40] with other studies focused on changing process parameters on strut 
diameter variation [23].

The heat dissipation behavior in the nodes occurs through a distinct 
mechanism compared to that in the struts, largely due to node’s 
increased thermal connectivity with surrounding struts [47]. This con-
nectivity facilitates more effective heat dissipation at the nodes, but the 
lower thermal cycling in these regions leads to less directional grain 
growth [48]. Unlike the struts, where higher thermal cycling and 
localized heating drive directional grain growth, the nodes exhibit a 
more isotropic thermal environment [49,50].

The higher thermal mass of the nodes reduces temperature gradients, 
leading to less elongated grain structures. This behavior results in more 
randomized grain orientation and size distribution in the node, while the 
struts, subjected to higher temperature gradients, promote more 

Fig. 6. (a) FEM simulations showing the thermal cycling effects on the nodes 
and struts. Nodes experience fewer cycling effects due to more heat dissipation 
through their increased connectivity with the struts. In contrast, struts exhibit a 
more pronounced thermal cycling effect than the nodes. The insert shows the 
relative cooling rates, implying that nodes release more thermal energy than 
the struts. (b) Cooling rates experienced by a particular node and strut in an 
FCC lattice structure, the struts experience more cooling cycles than the nodes.

Fig. 7. Heat flux direction vectors obtained from FEM simulations showing the 
direction of heat flow from the nodes and struts of the lattice structure. Heat is 
dissipated in along the same gradient from the struts, as indicated by the vec-
tors, while heat from the nodes, it is shown to dissipate outwards. The lower 
regions of the structure are at a higher flux (nearly 500 W/mm2) as heat is 
transferred from the upper region downwards as shown by the vec-
tor directions.
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elongated grains due to directional solidification [51,52]. The structural 
and thermal differences between the nodes and struts directly influence 
grain morphology. The nodes exhibit smaller and less elongated grains 
compared to the struts, which experience more directional solidification 
due to the steep temperature gradients associated with LPBF processing. 
Grain size analysis, as illustrated in Fig. 8(c-e), shows that the average 
grain size in the struts is significantly larger than in the nodes. The 
average grain sizes measured in the upper and lower elongated regions 

(33 ± 20 µm and 44 ± 20 µm, respectively) are substantially larger than 
those in the small-grain regions of the nodes, which average 26 
± 15 µm.

This variance in grain morphology between the nodes and struts can 
be attributed to the accurate prediction of thermal profiles using the 
FEM simulations [53]. These simulations revealed that the struts expe-
rience higher peak temperatures and greater thermal cycling compared 
to the nodes, which are more insulated by their surrounding geometry. 

Fig. 8. (a) Grain size differences between the node and strut, the grains at the nodes are smaller in size than the ones on the strut due to thermal histories being 
different at each region. Average grain size graph of (c) top, (d) middle and (e) bottom nodes and struts.
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Consequently, the thermal environment of the struts promotes faster 
grain growth and elongation along the heat flow direction, while the 
nodes remain in a more thermally stable region, resulting in slower grain 
growth with less orientation dependence. The clear correlation between 
thermal profiles and the resulting grain morphology emphasizes the 
importance of considering local thermal conditions in the design and 
optimization of lattice structures for additive manufacturing processes.

The slant strut represented by the blue region, shows an average 

grain size of 30 µm. However, as seen in Fig. 9(c), the slant strut contains 
a higher fraction of larger grains compared to the vertical strut, as 
highlighted in the green box. This difference can be attributed to the 
orientation of the slant strut, which may experience different thermal 
and mechanical conditions during processing, such as less severe cooling 
rates or thermal cycling compared to the vertical strut [54]. The relative 
angle of the slant strut to the heat source and the build plate could result 
in prolonged heat retention, allowing for grain coarsening and thus a 

Fig. 9. (a) Grain size difference at different locations in a strut, with (b), (c), and (d) showing grain size bar graphs int the red, orange, and blue regions, respectively.
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greater fraction of large grains.
The KAM map in Fig. 10 shows more pronounced distortion in the 

middle regions of the strut, which is linked to the non-uniform cross- 
sectional geometry in this area. This uneven cross-sectional profile likely 
results from the specific conditions of the LPBF process, where variations 
in energy input or material deposition rates can lead to a more irregular 
mass distribution at the middle sections of the struts [30]. The irregu-
larities in mass and geometry contribute to stress concentrations during 
cooling, manifesting as increased misorientation and grain boundary 
distortion, as reflected in the KAM map. This higher level of distortion 
could influence the mechanical performance of the structure, as regions 
with greater misorientation may exhibit reduced ductility or increased 
susceptibility to localized failure under stress.

These distortions can also affect properties such as hardness, which 
may differ between nodes and struts as a result of their distinct thermal 
histories [55]. This was confirmed by nano-indentation results shown in 
Fig. 11 which indicate that the node regions, on average, showed higher 
hardness values (3.5 ± 0.3 GPa) than the struts (2.8 ± 0.4 GPa). 
Although the differences are minimal, the numerous indentations per-
formed on the sample confirm the consistency of these results.

3.3. Porosity and variance in cross-section area of the node and strut and 
implications for practical use

To estimate the pore fraction in the nodes and struts, and to deter-
mine variations in cross-section areas of the struts, a total of six Optical 
Microscope Images (OM) were analyzed using image processing 

software ImageJ. These images contained a total of 3 nodes and 18 
struts. It was determined that the pore fraction of nodes was less than 
that of struts, confirming more thermal energy at the nodes which would 
result in more consolidation of mass. Further, of the two types of struts, 
slant and vertical struts showed less variation in cross section area. The 
node in Fig. 12(c) and (d) had 4 % and 6 % porosity, respectively, and 
the struts in Fig. 12 (g) and (h) have 8 % and 11 % fraction of pores, 
respectively. In addition, of the eight vertical struts examined for vari-
ation in cross section area, they exhibit less than 5 % variation in cross 
section area while the slant struts show almost 15 % variation in cross 
section area. In the sample of images taken, 10 % of struts show a major 
change in cross section area with more than 15 % variation.

The implications of the findings of our results have wide ranging 
benefits. Previous literature has reported a need for further studies of the 
node and strut of the lattice structure which would aim to provide more 
benefit to study topics such as fatigue, pores, and other processing de-
fects resulting from thermal profiles. Indeed, the fatigue behavior of 
additively manufactured steel has been extensively studied and reported 
in literature [56–58] with studies specifically done for lattice structures 
[59,60] which integrate simulation studies to demonstrate that the fa-
tigue life of steel lattices is largely influenced by processing parameters, 
with pores and microstructural inhomogeneities playing a critical role. 
Additionally, previous research has developed models to predict fatigue 
life [61], emphasizing that fatigue life is primarily governed by 
fabrication-induced defects. These studies also reveal that the fatigue 
strength is generally higher in the struts compared to the nodes, whereas 
the elastic, shear, and bulk moduli exhibit the opposite trend. Our study 

Fig. 10. KAM maps in (a) a node (b) a strut. KAM analysis shows that node regions are more distorted, attributed to rapid heat dissipation from the nodes. Cross- 
section area variation causes more distortion in the middle region of the strut, as seen in (b).

Fig. 11. (a) Sectioned FCC lattice sample showing nodes and struts (red dots) where nanoindentation hardness tests were conducted, and (b) results showing that the 
nodes have higher hardness values than the struts.
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provides critical insights into the reasons behind these differences in 
mechanical properties between nodes and struts.

Building on this, other investigations have focused on the design 
aspects of lattice structures [62,63] aiming to develop optimized designs 
that offer maximum resistance to fatigue. By combining these insights 
with our simulation and experimental results, we contribute to a deeper 
understanding of the relationship between design, fabrication, and fa-
tigue performance in lattice structures.

The insights from this study are highly relevant to the practical ap-
plications of lattice structures, as they address the powder bed fusion 
process and its influence on the resulting microstructure. By exploring 
the local thermal histories of nodes and struts, our research enhances the 
understanding needed for designing effective structures tailored to 
specific applications.

Biomedical applications, for example, demand lightweight, bio- 
integrative implants that mimic the properties of human bone, such as 
low density and high compressive strength [6]. Studies have demon-
strated that lattice structures optimized through design and topology 
can achieve properties similar to cortical bone, making them suitable for 
advanced implants [64]. Moreover, research on lattice orthopedic im-
plants highlights their functional properties, including bioactive sur-
faces for enhanced integration [65]. In aerospace applications, lattice 
structures are valued for their high strength-to-weight ratio and thermal 
management capabilities. Reviews emphasize the importance of pro-
cessing parameters in determining product performance [66]. Given the 
complex geometries of lattice structures, additive manufacturing is the 
only viable method of production, and our focus on the thermal and 
microstructural behavior during processing provides a foundation for 
further optimization. By linking thermal behavior at the nodes and struts 
to the resulting microstructure, our study enables industries to design 
and fabricate lattices optimized for specific heat dissipation and me-
chanical performance.

4. Conclusions

In this study, we have conducted investigations to understand the 
thermal behaviors of nodes and struts in 316 L stainless steel lattice 
structures fabricated using LPBF. This was accomplished using a com-
bination of FEM simulations and microstructural studies. The three main 
conclusions are summarized as follows: 

1. Thermal profiling was performed for both nodes and struts using 
FEM simulations. The FEM results show that the temperature of the 
system increases as the nodes are scanned by the laser, and more 
thermal cycling occurs in the struts. After reaching an initial peak 
temperature of 1370◦C, the nodes cooled to ~450 ◦C due to cycling, 
while the struts reach 900 ◦C, implying ~70 % more thermal cycling 
in the struts than the nodes.

2. The average grain sizes of the nodes and struts are different owing to 
the varying thermal histories experienced in each region. The 
average grain size at the nodes (26 ± 15 µm) is smaller than those at 
the struts (33 ± 20 µm and 44 ± 20 µm), reflecting the effects of 
localized thermal gradients.

3. The FCC lattice structures fabricated through LPBF processes 
demonstrate different thermal history at the nodes and struts, as 
confirmed by microstructural analysis. The differences in average 
grain size and KAM values between nodes and struts support this 
conclusion. Higher grain fractions (0.12) for 40 µm sized grains were 
observed in the slant struts, while regions of the vertical struts 
showed area fractions below 0.12. The hardness values for the nodes 
(3.5 ± 1.5 GPa) were higher than those for the struts (2.8 
± 0.9 GPa). This differences in grain size and hardness confirm 
different local thermal histories at the nodes and struts.

4. Average porosity fraction on the node (4–6 %) is on average less than 
the strut (8–11 %) with vertical struts showing less variation in cross 
section area (5 %) than slant struts (15 %).

Currently, a few reports compare the thermal profiles of nodes and 
struts, making this study a foundational reference for future in-
vestigations. This study enhances the understanding of local thermal 
behaviors in lattice structures. Future studies will focus on structural 
aspect of the lattice structure, where simulations involving residual 
stress and deformation will be validated with experimental procedures. 
Studies can build up on this by developing functionally graded lattice 
structures using additive manufacturing techniques. By combining the 
insight of our results, future studies can contribute to a deeper under-
standing of the relationship between design fabrication and overall 
performance of the lattice structure.
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