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Abstract 
Laser Directed Energy Deposition (LDED) marks a critical advance in intelli-
gent manufacturing, enabling efficient near-net shape production of metal 
parts. This method is especially beneficial for aerospace and defense applica-
tions that require high precision. However, issues such as deformation and 
heat accumulation during production still affect the quality of the final prod-
ucts, necessitating further optimization of process parameters. This paper 
studies the effects of three deposition strategies on 316L stainless steel parts 
using LDED. The three strategies based on unidirectional scanning (US), zig-
zag scanning (ZS), and square spiral scanning (SS) are investigated by solid 
samples and samples with a central hole. The surface smoothness, defects, and 
mechanical properties of 316L samples manufactured with the above strategies 
are discussed by means of surface topography tests and metallographic char-
acterization. Experimental results indicate that the zigzag scanning strategy 
yielded better results for solid components, and the square spiral scanning 
strategy is suitable for samples with a central hole. 
 

Keywords 
Directed Energy Deposition, Deposition Strategy, 316L Stainless Steel,  
Microstructure, Microhardness, Surface Smoothness 

 

1. Introduction 

Laser Directed Energy Deposition (LDED) is an additive manufacturing tech-
nique that utilizes a high-power laser to melt metal powder particles emitted from 
the nozzle onto a substrate. This process allows for precise control over material 
addition, making it suitable for applications such as repairing components, creating 
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complex geometries, enhancing material properties, and significantly extending 
the lifespan of components while reducing production costs [1]. Moreover, it sup-
ports innovations in various industries, including aerospace, automotive, and bi-
omedical, by providing a flexible and efficient approach to material processing 
[2]-[5]. 

Inter-layer path planning is a critical aspect of the LDED process that signifi-
cantly influences the quality and efficiency of the additive manufacturing process 
[6]-[8]. Effective path planning ensures optimal material deposition, minimizing 
defects such as porosity and ensuring uniform layer adhesion. By strategically de-
termining the sequence and orientation of the deposition paths, it is possible to 
enhance thermal management, reduce residual stresses, and improve surface fin-
ish. In the LDED process, path planning methods are generally categorized into 
the following forms: geometric-based path planning, optimization-based path 
planning, and simulation-based path planning. 

For geometric-based path planning strategies, some related studies provide 
manufacturing paths based on the geometric shape and structural features of parts 
to achieve efficient coverage and precise control over the parts. Common methods 
include straight-line deposition, contour following, and so on. The rapid compu-
tation of zigzag trajectories using straight lines and circular arcs was proposed by 
Rajan et al. [9] in the early. Jin et al. [10] put forth an adaptive strategy that en-
hances RP/M process planning for complex models. This strategy employs non-
uniform rational B-spline-based curves for accurate boundary representation and 
a mixed tool-path algorithm for efficient fabrication. Syed et al. [11] examined 
how oscillation and parallel pass deposition strategies affect the tensile and high 
cycle fatigue properties of as-built wire + arc additive manufactured Ti-6Al-4V 
alloy. Bi et al. [12] introduced a framework for generating continuous toolpaths 
in LFAM for solid and partial infills. It employed outward contour and double 
offset strategies for primary paths and extended zigzag lines for remaining areas, 
linking layers via a depth-first search. Veiga et al. [13] evaluated the use of plasma 
arc welding (PAW) for additive manufacturing SS316L-Si X-cross intersections, 
focusing on geometry and productivity. They presented two production strategies: 
energy control for L-shaped walls and variable amplitude waveforms for continu-
ous X-cross production. Tarchoun et al. [14] [15] conducted experimental studies 
on the laser surface hardening of AISI 4340 steel using various laser scanning 
methods. They found that the maximum hardening width is achieved with the 
sine mode. Additionally, detailed modeling and simulation work was performed 
based on three-dimensional finite element thermal analysis, along with practical 
research structured according to the Taguchi method. The results indicate that the 
proposed numerical models can provide robust and accurate estimates of surface 
hardening characteristics under varying heating parameters and scanning modes. 
Demin et al. [16] investigated a new laser plasma deposition method and discov-
ered that the deposition rate and coating structure are influenced by the HMDS 
flow rate and the process parameters of the plasma-generating gas (either Ar or a 
mixture of Ar and He). 
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The optimization-based path planning approaches utilized algorithms such as 
genetic and ant colony optimization to identify optimal paths based on part ge-
ometry, material characteristics and manufacturing specifications, thereby en-
hancing efficiency and quality. A sequential path-planning method for wire and 
arc additive manufacturing (WAAM), based on the water-pouring rule, was pro-
posed by Wang et al. [17] as a means of densifying internal structures and accel-
erating response times. It relocated intersections to the outer contour, thereby en-
suring a uniform and compact inner area. Singh et al. [18] employed a Travelling 
Salesman Problem (TSP)-based algorithm for the efficient and accurate genera-
tion of toolpaths in the area filling, thereby reducing the necessity for retractions 
and turns. The layer was digitized into a grid of points, which were then filled in 
sequence by the deposition head, thus ensuring the absence of voids. Petrik et al. 
[19] developed a path planning framework that made use of reinforcement learn-
ing as well as automated prepositional and sequential least squares programming 
optimization methods to deal with thin-walled structures in wire arc additive 
manufacturing. 

For the simulation-based path planning, it employed numerical models to pre-
dict thermal stresses and deformations in additive manufacturing, guiding opti-
mized toolpaths through multiphysics simulations for enhanced accuracy and ef-
ficiency. Foroozmehr et al. [20] employed ANSYS finite element software to sim-
ulate temperature and stress fields in laser powder deposition, assessing how dep-
osition patterns influence final stress distribution. Sun et al. [21] developed a novel 
S-pattern for metal additive manufacturing and analyzed its effects on the tem-
perature and stress fields of a cuboid structure compared to five other patterns 
using the finite element method. Ren et al. [22] presented a framework for simu-
lating and evaluating laser scanning paths with finite element models for three-
dimensional thermal history analysis. This allowed them to determine the optimal 
scanning pattern with minimal distortion. Zhou et al. [23] utilized a genetic algo-
rithm-based method for planning continuous tool-paths with optimal thermo-
mechanical properties. Based on investigations for material characteristics of 
turning-style toolpath strategies, Feldhausen et al. [24] leverage existing CAM 
technology for turning, where the component rotates around a stationary cutting 
tool, to generate toolpath trajectories for DED with varying wall thicknesses and 
controlled deposition angles.  

In this paper, experiments were conducted on six 316L stainless steel samples 
to compare the surface flatness, microstructure, and defects of samples fabricated 
using three common deposition strategies: unidirectional scanning (US), zigzag 
scanning (ZS), and square spiral scanning (SS). The investigation focused on sur-
face flatness and included scanning electron microscopy analyses of 316L compo-
nents with holes produced by these methods, highlighting the impact of different 
deposition strategies on the quality of the formed parts. 

2. Experimental Materials and Methods 

In this study, a total of six experimental samples divided into two groups were first 
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manufactured using a 3D printer. Following the cutting, grinding, and polishing 
of the samples, a series of tests were conducted. These included surface finish anal-
ysis, X-ray diffraction (XRD) measurements, determination of density, porosity 
testing via scanning electron microscopy (SEM), and microhardness testing. Fig-
ure 1 illustrates the workflow of the entire experimental process described in the 
paper, while Figure 2 presents the equipment diagram for the whole experiment. 
 

 
Figure 1. Experimental detailed flow chart. 

 

 
Figure 2. Experimental equipment and analytical instrument for the 
DED process: (a) DED machine tools; (b) laser head; (c) spatial digi-
tizer; (d) XRD; (e) densitometer; (f) SEM; (g) Vickers indenter. 
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The 3D printing equipment used in this study is the LAM150V five-axis inert 
gas-protected 3D printer. The laser spot diameter ranges from 0.5 mm to 1.5 
mm, and argon is used as the shielding gas to maintain low oxygen content 
throughout the manufacturing process. For the directed energy deposition ex-
periment, a 316L stainless steel substrate measuring 150 mm × 150 mm × 15 
mm was selected. Prior to cladding, the substrate’s surface was treated with 
sandpaper to remove oil and oxide layers and then wiped with alcohol to ensure 
a good metallurgical bond between the printing layer and the substrate. The 
316L metal powder used for the experiment had a particle size range of 53 μm 
to 105 μm, with an average particle size of approximately 75 μm. Figure 3(a) 
shows the morphology of the 316L powder used in the DED research, while Fig-
ure 3(b) presents the size distribution curve. To ensure good flow performance 
of the metal powder during laser processing, the powder was dried at 120˚C for 
two hours in a vacuum oven before the experiment. Table 1 lists the elemental 
composition of the metal powders. 
 

 
(a)                                                   (b) 

Figure 3. (a) electron microscopic image of 316L powder particles; (b) powder particle size distribution map. 

 
Table 1. Chemical composition of 316L powder. 

Element Fe Cr Ni Mo Si Mn C S O P 

Powder (wt%) Bal 17.30 10.83 2.42 0.39 0.49 0.009 0.005 0.039 0.025 

 
Prior to the commencement of the experiment, printing tests were conducted 

on single-layer, six-channel samples utilizing twelve distinct parameter combina-
tions. These combinations included two different laser powers (500 W and 600 
W), two different powder feed rates (4 g/min and 6 g/min), and three different 
overlap rates (0%, 25%, and 50%), as shown in Figure 4. Based on surface smooth-
ness, cladding quality, and printing efficiency, it was observed that the optimal 
overall printing performance was achieved with an overlap rate of 25%, a laser 
power of 500 W, and a powder feed rate of 4 g/min. Therefore, the specific process 
parameters for the subsequent experiments are as follows: laser power P = 500 W, 
scanning speed V = 4 mm/s, powder feed rate v = 4 g/min, the distance from the 
contact tip to the workpiece is maintained at 10 mm, and the substrate is not pre-
heated. 
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Figure 4. Single-layer six-track printing samples at different bonding rates, la-
ser power and powder delivery rates. 

 
Haolin et al. [25] reviewed various scanning strategies in the laser melting pro-

cess, including zigzag scanning, unidirectional scanning, and continuous scan-
ning. They found that interlayer rotation of the printing direction—rotating the 
heat flow during the printing process—promotes a uniform distribution of mate-
rial. However, their study only considered the printing of solid square samples. In 
this paper, we also employed interlayer rotating printing and analyzed three strat-
egies for printing hollow square samples to determine which strategy is most suit-
able for this specific case. Three principle deposition strategies, unidirectional, 
zigzag and square spiral scanning, were used in the trials for both hollow square 
samples and solid square samples. The unidirectional scanning means that the 
deposition direction of adjacent welds is the same and parallel to the y-axis direc-
tion, with the scanning path of adjacent deposition layers rotated by 90˚. The zig-
zag scanning involves continuous deposition without extinguishing the arc, with 
the scanning path of adjacent deposition layers also rotated by 90˚. This rotation 
of the heat flow direction during printing is more conducive to achieving a uni-
form temperature distribution [26]. The square spiral scanning starts at the center 
and deposits in a clockwise spiral, with each layer repeating the deposition method 
of the first layer (the green dot represents the deposition starting point, and the 
purple dot represents the deposition endpoint). The geometry for the solid square 
samples is depicted in Figure 5(a). Figure 5(b) and Figure 5(c) show the three-
layer path planning of the solid square samples for the three deposition strategies, 
respectively. A cube with a side length of 31 mm and a height of 3 mm was printed 
in three layers, as listed in Figure 6(a). Figure 6(b) and Figure 6(c) show the path 
planning of the second type samples for the three deposition strategies, where a 
cube with a side length of 28 mm and a height of 3 mm was printed in three layers 
with a central hole of 8 mm side length and 3 mm height. 

The samples obtained in the experiment were scanned using the SIMSCAN30 
3D scanner, which has an accuracy of 0.0175 mm. The scanned images were im-
ported into PolyWorks software for fitting and comparison. The surface flatness 
of the experimental samples, obtained under different scanning strategies, was 
evaluated by fitting from the lowest point of the plane. 

Quantitative phase analysis was conducted using an X-ray diffractometer (XRD). 
Prior to the XRD study, six sample blocks were cut into 8 mm × 8 mm × 3 mm 
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(a)                                  (b) 

 
(c)                                  (d) 

Figure 5. Printing strategy schematic: (a) geometry for the solid square sample; (b) unidi-
rectional scanning for the solid square sample (SUS); (c) zigzag scanning for the solid 
square sample (SZS); (d) spiral scanning for the solid square sample (SSS). 

 
blocks along the deposition direction using wire electrical discharge machining 
(EDM) to facilitate subsequent material characterization. The samples were ultra-
sonically cleaned with ethanol, ground, and polished using sandpaper with grit 
sizes ranging from 240 to 1000. XRD was then used to perform qualitative analysis 
on the 316L powder and the DED processed samples. The tube voltage was set to 
40 KV, and the current to 30 mA, with a starting angle of 20˚ and an ending angle 
of 90˚. For further polishing, sandpaper with grit sizes ranging from 240 to 5000 
was used. The density of the six DED samples was measured using the Archimedes 
method [27]. A plastic electronic density meter is essential for this procedure. The 
specific steps involve calibrating the meter using a standard weight, placing the 
sample on the measuring table, and then waiting for the test results to be displayed 
and recorded. The final data should be obtained by averaging multiple measure-
ments to ensure accuracy. Each sample’s density was measured three times, and 
the average value was taken. Additionally, these six samples were longitudinally 
cut into approximately one-millimeter-thick sections. The previously specified 
grinding and polishing procedures were then applied to these portions. The samples 
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were then scanned using a JSM-6700F scanning electron microscope. 
 

 
(a)                                  (b) 

 
(c)                                  (d) 

Figure 6. Printing strategy schematic: (a) geometry for the hollow square sample; (b) uni-
directional scanning for the hollow square sample (HUS); (c) zigzag scanning for the hol-
low square sample (HZS; (d) spiral scanning for the hollow square sample (HSS). 

 
The Vickers microhardness tester (FM300e, Future-Tech Corp., Kawasaki, Ja-

pan) was used to measure material density via the indentation method. The pro-
cedure involved placing the sample on the test bench and ensuring that its surface 
was perpendicular to the indenter. The eyepiece was adjusted to clearly observe 
the sample’s surface. A load of 100 N was applied, and the test force was initiated, 
with an average indentation retention time of 10 seconds. The experiment in-
volved measuring the microhardness of six specimens. Each sample was measured 
at 24 points along the transverse and longitudinal directions, with an interval dis-
tance of 0.1 mm. The load was set to 100 N, and the average indentation dwell 
time was 10 seconds.  

As shown in Figure 7(a), the test positions were divided into two parts: the 
transverse plane and the longitudinal plane. Figure 7(b) and Figure 7(c) depict 
the points obtained under the microscope for the transverse and longitudinal di-
rections, respectively. 
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(a) 

 
(b)                                  (c) 

Figure 7. (a) sample hardness test point diagram; (b) sample transverse microhardness test 
site diagram; (c) sample vertical microhardness test site diagram. 

3. Experimental Results and Discussion 
3.1. Geometry of the Samples Obtained for Each Printing Strategies 

Figure 8 and Figure 9 show the solid square parts, the hollow square parts, and 
the corresponding 3D scan fitting for the three deposition strategies. The colors 
closer to red indicate greater deformation. For the solid square scan strategy, the 
unidirectional scanning (SUS) strategy exhibits relatively less deformation, fol-
lowed by the zigzag scanning (SZS) strategy, and the square spiral scanning (SSS) 
strategy shows relatively larger deformation. The SZS processed part shows more 
pronounced deformation at the edges, while the SUS processed part exhibits more 
uniform deformation. The SSS processed part shows uneven deformation, with 
four distinct edges dividing the printed part into four triangular regions, where 
the color gradually weakens clockwise. For the hollow square scan strategy, the 
unidirectional scanning (HUS) strategy exhibits relatively less deformation, fol-
lowed by the square spiral scanning (HSS) strategy, and lastly, the zigzag scanning 
(HZS) strategy shows relatively larger deformation. The HZS processed part 
shows less surface deformation overall but exhibits significant local defects and 
holes, with four distinct edges visible. Overall, it is evident that the hollow square 
samples show significantly greater surface deformation compared to solid ones. 

By observing the printing process of the samples under the three deposition 
strategies, minimizing short-edge printing is essential to achieve relatively low de-
formation. From the 3D scan entity fitting graph, it’s evident that the SZS method 
induces significant edge deformation. This is due to continuous laser printing in 
zigzag scanning causes small inflection points and subsequent short-edge printing 
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(a) 

 
(b)                                                   (c) 

Figure 8. Solid squares parts under three scanning strategies and 3D fitting graph under three scanning strategies: (a) SUS; (b) SZS; 
(c) SSS.  
 

 
(a) 

 
(b)                                                   (c) 

Figure 9. Hollow squares parts under three scanning strategies 3D fitting graph under three scanning strategies: (a) HUS; (b) SZS; 
(c) HSS. 
 

at the endpoints. Moreover, when comparing the hollow square printing strategy 
to the solid square printing strategy, greater deformation occurs due to increased 
short-edge printing. Excessive short-edge printing leads to higher heat accumula-
tion, resulting in more pronounced surface deformation. To ensure more uniform 
deformation, a consistent overlap rate is crucial. The surface deformation with the 
SUS sample remains smaller and more uniform because the overlap rate remains 
constant, and short-edge printing is avoided. Conversely, square spiral scanning 
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exhibit distinct four-edge patterns. The uneven melt pool, caused by inconsistent 
scanning speeds, contributes to this phenomenon. As the laser beam direction 
changes from horizontal to vertical, there is an initial decrease and subsequent 
increase in acceleration, resulting in slower speeds at corners and sharp tempera-
ture rises. This secondary sintering phenomenon leads to localized collapse for-
mation. Additionally, larger distances at turn-back inflection points, as shown in 
Figure 10, contribute to lower bonding rates. With increased heat accumulation 
from stacking layers, deformation gradually intensifies, particularly noticeable at 
lower bonding rates. Furthermore, the printing strategy shows progressively 
smaller areas of deformation in the four triangle regions. This phenomenon can 
be attributed to the early increase and subsequent elongation of short-edge print-
ing, which results in a greater accumulation and deformation of heat. Secondly, 
the laser printing process facilitates the preheating of subsequent layers, thereby 
promoting more consistent printing. 
 

 
Figure 10. Square spiral scanning plan sketch. 

3.2. XRD Diffraction Experiment 

Figure 11 depicts the XRD patterns of the samples prepared using 316L powder 
with three scanning strategies: SUS, SZS, SSS, and also with HUS, HZS, and HSS, 
all conducted under a laser power of 500 W and a scanning speed of 4 mm/s. The 
XRD analysis revealed no significant phase transitions during the DED process or 
post-processing, with diffraction peak positions remaining consistent. Similar 
findings were reported by Shin et al., although notable differences were observed 
in the intensity of the diffraction peaks [28]. 

The difference in diffraction peak intensity is primarily due to changes in crystal 
texture, indicating variations in crystal orientation distribution under different 
printing strategies. As shown in Figure 11(a) and Figure 11(b), the SZS scanning 
strategy leads to an increase in the principal diffraction peak intensity for both 
solid printing and printing with intermediate perforations. This is because, under 
this strategy, long-edge printing is more prevalent, causing the microstructure of 
the sample to preferentially orient, resulting in elongated columnar grains and 
higher principal diffraction peaks. In contrast, during the early stages of laser pro-
cessing with the SSS scanning strategy, there are more spiral short-edge prints. 
Consequently, the microstructure of the specimens tends to be randomly oriented, 
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exhibiting non-directional growth. This results in a higher proportion of irregular 
coarse equiaxed grains and relatively weaker main diffraction peaks [29]. Due to 
the holes in the middle of the scanning strategy with HSS, there are fewer short 
edges in the early stages of laser processing. Therefore, the main diffraction peak 
diagram of test pieces prepared with the HSS scanning strategy is slightly higher 
than that of the SSS scanning strategy. Compared to the two solid printing strate-
gies, SZS and SUS, the two printing strategies with holes, HZS and HUS, involve 
more short-edge printing. As a result, the main diffraction peak diagram of the 
printed test pieces with holes is slightly lower than that of the solid printed test 
pieces under these two methods. 
 

 
(a)                                                   (b) 

Figure 11. (a) the XRD patterns of 316L powder, SUS, SZS, and SSS; (b) the XRD patterns of 316L powder, HUS, HZS, and HSS. 

3.3. Scanning Electron Microscopy 

Figure 12 shows the profile morphology of 316L samples prepared by the DED 
process under the three scanning strategies. It can be observed from the figure 
that relatively obvious defects of unfused pores are present in the profile under 
electron microscope scanning. These defects arise due to insufficient energy den-
sity, leading to incomplete fusion of powder particles. In such pores, the shape is 
irregular, and powder particles are observed inside [30]. Figure 12(a), Figure 
12(c), and Figure 12(e) show the profile electron microscopy of the printed solid 
square samples under the three printing strategies. It can be seen that more and 
larger pore defects appear under the SUS scanning strategy, while the samples 
printed under the SSS scanning strategy show relatively smaller pore defects. Fig-
ure 12(b), Figure 12(d), and Figure 12(f) show the electron microscope images 
of the hollow square sample using the three printing strategies. For the HUS scan-
ning strategy, there are still more and larger pore defects, whereas relatively 
smaller pore defects are found in samples printed under the HZS scanning strat-
egy. The presence of more and larger pore defects under SUS and HUS scanning 
strategies is due to the instability of laser power during the process, which is 
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caused by higher laser frequency switching under unidirectional scanning strate-
gies. This instability leads to poor interlayer bonding and the formation of large 
local unfused pores. For the same scanning strategy, the hollow square samples 
(HUS and HZS) exhibit fewer and smaller pores compared to SUS and SZS sam-
ples, respectively. This is because the middle holes result in more short-edge print-
ing, causing greater heat accumulation and more thorough melting of powder 
particles. Similarly, the HSS sample, with its relatively more short-edge spiral 
printing compared to the SSS sample, results in more complete powder melting 
and closer interlayer bonding. 
 

 
Figure 12. Electron microscope image: (a) SUS; (b) HUS; (c) SZS; (d) 
HZS; (e) SSS; (f) HSS. 

3.4. Density Test and Hardness Test 

The measured densities are summarized in Table 2. It can be seen that the density 
of printed solid square parts and hollow square parts under different scanning 
strategies is not much different. 

Hardness testing is primarily used to evaluate the mechanical properties of ma-
terials. Figure 13(a), Figure 13(b) show the hardness curves of solid square parts 
and hollow square parts of the sample along the transverse measurement, respec-
tively. The small bar charts in the figures represent the average hardness values 
under each strategy. As shown in Figure 13(a), the average hardness of the SZS 
sample is 213.6 HV, the one for the SSS sample is 212.2 HV, and the lowest average 
hardness is 197.9 HV for the SUS scanning strategy. In Figure 13(b), the average 
hardness of the hollow square test pieces in the middle reached 212.3 HV under 
the HUS scanning strategy, while the lowest average hardness was observed under 
the HSS scanning strategy. By comparing Figure 12(a) and Figure 12(b), it is 
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evident that the microhardness of the hollow square samples using the HUS and 
HZS strategies is reduced compared to those printed with the SUS and SZS strat-
egies. This reduction in hardness is due to an increase in the number of short-
edge printing passes for samples with holes, leading to greater heat accumulation 
and a smaller temperature gradient. This results in a slower cooling rate, thereby 
reducing hardness [31]. However, the microhardness of the perforated test pieces 
printed by the HSS strategy does not decrease compared to the solid test pieces 
printed by the SSS strategy. This is because the presence of intermediate holes in 
the HSS scanning strategy significantly reduces short-edge printing, leading to less 
heat accumulation and, consequently higher hardness. 
 
Table 2. Measured densities of solid parts and holes printed under three scanning strate-
gies. 

Sample piece Density g/cm3 Density g/cm3 

SUS 7.8563 7.8506 7.8959 7.8676 

SZS 7.8445 7.8501 7.8445 7.8464 

SSS 7.9064 7.8904 7.8972 7.8980 

HUS 7.8900 7.8291 7.8342 7.8511 

HZS 7.8526 7.8419 7.8472 7.8472 

HSS 7.8721 7.8925 7.8951 7.8866 

 
Figure 13(c) and Figure 13(d) illustrate the hardness values of solid square 

parts and hollow square parts taken from the samples along the longitudinal di-
rection, from the top layer to the bottom layer. The bar chart in the upper right 
corner represents the average hardness values under different scanning strategies. 
The three colors in the figure represent the hardness values taken from the upper, 
middle, and lower parts of the sample. It can be observed that the microhardness 
at the top of the specimen is the highest. This is due to the large temperature gra-
dient at the top, which causes rapid grain crystallization, resulting in smaller grain 
sizes and higher hardness. The microhardness near the bottom is the lowest be-
cause the sedimentary layer has experienced multiple thermal cycles, leading to 
high heat accumulation, a small temperature difference, and a small temperature 
gradient. As a result, grains mainly form columnar crystals along the direction of 
the highest temperature gradient, and grain growth becomes coarser, reducing 
hardness [32]. The heterogeneity of hardness along the vertical printing direction 
is caused by the inherently different thermal cycles experienced at different 
heights during multilayer deposition [33]. This variation in thermal cycles leads 
to differences in grain structure and hardness across the height of the printed part. 
Comparing the two printing strategies, HSS and HZS, it is evident from Figure 
13(b) and Figure 13(d) that the average hardness of HSS printed along the hori-
zontal direction is 212.3 HV. In the vertical direction, the average hardness values 
for the top, middle, and bottom sections are 216.3 HV, 212.6 HV, and 208.6 HV, 
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respectively. In contrast, the average hardness of HZS printed in the horizontal 
direction is 201.6 HV, while the top, middle, and bottom sections in the longitu-
dinal direction show average hardness values of 207.3 HV, 203.6 HV, and 200.4 
HV, respectively. This indicates that the average hardness of samples printed us-
ing the HSS strategy is consistently higher than that of those printed with the HZS 
strategy, both in the transverse and longitudinal directions. 
 

 
(a)                                  (b) 

 
(c)                                  (d) 

Figure 13. (a) solid square sample along the lateral hardness test curve; (b) hollow square 
sample along the lateral hardness test curve; (c) vertical hardness test curve of the solid 
square sample; (d) vertical hardness test curve of the hollow square sample. 

4. Conclusion 

In LDED, the scanning strategy critically impacts the quality and performance of 
the final part. Different scanning strategies significantly affect the microstructure, 
mechanical properties, and surface quality of the final molded part. This paper 
utilizes US, ZS, and SS deposition strategies to fabricate the solid square and the 
hollow square parts. Six samples were analyzed through laser scanning, XRD com-
position analysis, electron microscopy, density testing, and microhardness testing. 
A comparative analysis revealed that the US deposition strategy resulted in large 
interlayer melting defects and the lowest hardness for both solid and perforated 
parts. Due to excessive initial intermediate heat accumulation, physical parts fab-
ricated under the SS deposition strategy exhibited significant deformation. How-
ever, compared to the US and ZS strategies, the SS scanning strategy greatly reduced 
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short-edge printing in experimental hollow square parts, thereby significantly im-
proving mechanical properties. Reducing the printing for minimizing short-edges 
effectively improves the molding quality of printed parts. 
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