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Fluctuations in powder characteristics, including particle morphology and size distribution, have a profound im-
pact on the powder bed uniformity and overall fusion quality in laser powder bed fusion (LPBF) processes, ulti-
mately hindering process stability and performance. To address these challenges, this study developed an adaptive
powder-spreading strategy that integrates discrete element method (DEM) simulations with in-situ monitoring
and machine learning (ML) techniques. A non-spherical particle DEM model was employed to capture the complex
dynamic interactions governing powder behavior. The results reveal the competition between the powder-driven
inertial and contact effects that dominate the spreading behavior of both gas-atomized (GA) and plasma rotating
electrode process (PREP) TC4 powders under varying layer thicknesses and spreading speeds. Building upon this
physics-informed understanding, a high-accuracy (93 %) support vector machine model was trained on DEM-
generated data and further augmented with experimental measurements to enable rapid and robust optimiza-
tion of spreading parameters tailored to specific powder characteristics. Under these ML-optimized conditions,
the forming quality of PREP and GA-TC4 powders, as quantified by surface roughness (Ra), was significantly
improved by 26.5 %-37.9 % relative to the equipment default settings. This integrated DEM-ML framework
provides a physics-based, efficient, and adaptive pathway for process optimization, significantly reducing the
reliance on costly trial-and-error experiments and enhancing the stability, reproducibility, and reliability of LPBF
for complex powder systems.

1. Introduction

Powder bed fusion (PBF) additive manufacturing is a critical method
for the integrated and lightweight fabrication of complex components in
advanced engineering applications [1]. During PBF, powder characteris-
tics such as particle size distribution and particle morphology directly in-
fluence the stability of the forming process and the final product quality
[2,3]. However, current research remains insufficient to fully elucidate
the effects of powder characteristics on the spreading and subsequent
fusion processes of powders. Even when powders with identical alloy
compositions are used, variations in the powder preparation methods or
production batches can cause significant differences in component per-
formance and forming quality, despite the use of similar equipment and
process parameters [4-6]. The high sensitivity of the process to powder
characteristics limits the stability and scalability of additive manufac-
turing applications.

* Corresponding authors.

As a core factor controlling the forming quality of laser PBF (LPBF),
the stability of powder spreading depends on the uniformity and conti-
nuity of the powder flow behavior. The ideal flow behavior and spatial
packing density of particles are primarily influenced by the particle size
distribution [7]. They are further affected synergistically by multiple
factors such as particle morphology, surface conditions, and internal
porosity [8,9]. For example, the mixing ratio of coarse and fine pow-
ders alters the friction and cohesive forces between particles. Irregular
particle morphologies promote a “mechanical interlocking” effect that
impedes powder flow, whereas surface oxides reduce interparticle ad-
hesion; both factors directly impair powder bed uniformity and thereby
ultimately degrade the powder-layer quality [10,11]. The powder mor-
phology also significantly affects the spreading performance, including
flowability, packing behavior, and layer uniformity. Schiochet Nasato
et al. [12] found that, in contrast to conventional perception, spheri-
cal particles do not always perform the best. Spherical particles excel
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at high spreading speeds, whereas flat or low-aspect-ratio non-spherical
particles perform better at low speeds. This complex multiscale inter-
action makes directly observing particle behavior during the dynamic
powder-spreading process difficult, leaving the intrinsic correlation and
influence mechanisms between the powder characteristics and spread-
ing stability largely unexplored [13].

Slight variations in the powder-spreading parameters can signifi-
cantly affect the packing density and uniformity of the powder bed.
For example, inertial forces dominate the powder motion when the re-
coater speed is too high, resulting in chain-like accumulation [14,15].
Conversely, the cohesive forces may cause the local powder to collapse
when the speed is too low. Both scenarios reduce the packing density
and can induce defects in the final product. Meier et al. [16] demon-
strated that particle size and adhesion significantly affect the unifor-
mity of the powder layer . Adhesive forces dominate the powder behav-
ior under fine-particle conditions, thereby reducing the layer quality.
However, the effects of non-spherical particles and complex dynamic
interactions have not been fully considered. Lampitella et al. [17] used
simulations to reveal powder distribution, packing density, and particle
size evolution under different flow regimes. Le et al. [18] proposed a
scanning-based evaluation method and validated its effectiveness using
layer thickness uniformity, fusion surface roughness, and powder pack-
ing density as indicators. This approach provides a quantitative tool for
process optimization. Chen et al. [3,19,20] combined experiments and
simulations to systematically investigate the effect of spreading speed
on powder-layer quality and packing density. They identified three key
mechanisms in the powder-spreading process: cohesion, wall, and pene-
tration effects. These studies indicate that a comprehensive understand-
ing of powder spreading requires not only the identification of key in-
fluencing factors but also the development of methods that can capture
the complex coupling between powder characteristics and process pa-
rameters. Such an approach is essential for elucidating the fundamental
mechanisms of powder spreading and the systematic optimization of
additive manufacturing processes.

Although previous studies have experimentally optimized powder-
spreading parameters, two major bottlenecks remain [21]. First, the
relationship between the spreading parameters and fusion quality is
highly complex. Traditional trial-and-error methods typically require
hundreds of experimental runs, which results in high costs. This makes
the rapid and accurate optimization of process parameters across dif-
ferent powders and applications challenging. Second, most existing the-
oretical models assume ideal spherical particles and neglect morpho-
logical heterogeneity and dynamic particle interactions. This limits the
ability to effectively reveal the coupling mechanisms between powder
characteristics and process parameters, highlighting the need for ap-
proaches that can efficiently capture dynamic particle interactions and
optimize the process parameters.

To address these challenges, this paper proposes an adaptive powder-
spreading strategy driven by powder characteristics, which integrates
discrete element method (DEM) simulations calibrated using in-situ
monitoring with a machine learning (ML) model to rapidly generate
large-scale datasets and efficiently optimize the spreading parameters of
gas-atomized (GA) and plasma-rotating electrode process (PREP) pow-
ders. This approach focuses on improving the fusion quality (Ra of
formed samples), which is closely related to the powder-spreading qual-
ity (powder-bed packing density). Compared with the overall density,
the fusion quality serves as a more direct and sensitive indicator, being
less affected by other factors, thus enabling higher prediction accuracy,
while remaining crucial for ensuring forming quality and mechanical
performance. By combining DEM modeling with in-situ experimental
monitoring, this study revealed the dynamic coupling mechanism be-
tween the inertial and contact effects in non-ideal powder particles.
A support vector machine (SVM) ML model was developed based on
datasets generated from DEM simulations, enabling the rapid optimiza-
tion of spreading parameters (layer thickness and spreading speed) for
complex powder systems. The proposed approach significantly reduces
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Table 1
Chemical composition of the three TC4 powders (wt%).
C Al v Fe (¢] N H
PREP25-75 0.005 5.72 3.95 0.20 0.076 0.002 0.0036
PREPO-53 0.006 6.05 4.08 0.18 0.088 0.005 0.0055
GAO0-53 0.008 5.84 3.90 0.031 0.108 0.011 0.0020

the surface roughness of the fused powder bed, lowers trial-and-error
costs, and advances additive manufacturing by promoting the synergis-
tic integration of ML and physics-based process optimization.

2. Experiments
2.1. Materials

The experimental materials included three types of TC4 powders pro-
duced by SINO-EURO Materials Technologies of Xi’an Co., Ltd. Their
chemical compositions are listed in Table 1. The three types of pow-
ders (GA0-53, PREP0-53, and PREP25-75) were named based on their
preparation methods and differences in particle size. GAO-53 was pre-
pared using the GA method, whereas PREP0-53 and PREP25-75 were
prepared using the PREP approach. The morphologies of the three pow-
ders were characterized using scanning electron microscopy (SEM) with
statistical image analysis, and their particle size distributions were ob-
tained by measuring and statistically analyzing at least 5000 particles
from the SEM images. Their morphological features and particle size
distributions are shown in Fig. 1. The flowability of the powders was
measured using a Hall flowmeter. Compared with the PREP powders,
the GA powders exhibited poorer flowability and were unable to flow
freely through the Hall flowmeter. The powders produced using the
PREP method exhibited higher sphericity, whereas those produced us-
ing the GA method contained a greater number of satellite particles. The
apparent and tap densities of the powders were also measured. The data
related to the powder characteristics are summarized in Table 2.

Because of the significant differences in powder characteristics,
traditional approaches often require many experiments to determine
the optimal process parameters for different types or batches of pow-
ders. In this study, a uniform experimental design was applied to the
GAO0-53, PREP0-53, and PREP25-75 powders. The BLT-S210 system
was employed in combination with the manufacturer-recommended de-
fault powder-spreading parameters for TC4 (parameter set 6) to se-
lect six representative sets of process parameters (see Table 3) for
10 mm X 10 mm x 10 mm bulk forming experiments, thereby effec-
tively reducing the experimental time and cost.

2.2. In-situ monitoring and DEM simulation

In this study, a DEM model incorporating non-spherical particles was
developed in conjunction with an in-situ monitoring system (Fig. 2) to
address the limited dynamic characterization capability of commercial
PBF equipment. Actual powder morphologies were reconstructed using
three-dimensional laser scanning (shape factor = 0.3-0.7), and three
representative types of non-ideal particles were embedded into the DEM
model based on their real shapes and proportions: large particles with
adhered fines (4 %), bispherical particles (15 %), and irregular ellip-
soidal particles (8 %), whereas the remaining 73 % were ideal spherical
particles. The classification and proportion of these particle types were
determined based on statistical analysis of the SEM images (Fig. 1). Com-
pared with the conventional idealized spherical particle assumption, the
inclusion of non-spherical particles improved the stability of the inter-
particle contact force chains by approximately 30 %—-45 %.

In the DEM simulation, a non-linear elastic Hertz-Mindlin no-slip
contact model [22] was employed, and energy dissipation was imple-
mented through viscous damping to simulate the dynamic behavior of
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Fig. 1. SEM images of TC4 alloy powders: (a) PREP25-75, (b) PREP0-53, and (c) GA0-53; The particle size distributions of TC4 powders: (d) PREP25-75, (e)
PREP0-53, and (f) GA0-53; The naming of the three types of powders was based on their preparation method and differences in particle size.

Table 2
Particle size distribution, flowability, and density of the three powders.

Do (um) Dsq (um) Dy (um) Flowability index (g/50 s) Apparent density (g/cm?) Tap density (g/cm?)
PREP25-75 39.76 61.17 89.06 24.58 2.60 2.35
PREP0O-53 20.51 35.15 52.37 23.08 2.47 2.29
GAO0-53 20.68 37.61 60.52 - 2.33 2.17
Table 3

LPBF processing parameters.

No. Laser power (W) Scanning speed (mm/s) Spot diameter (mm) Layer thickness (um) Spreading speed (mm/s) Laser energy density (J/mm)
1 155 1200 0.1 20 95 53.8
2 30 155 35.9
3 40 275 26.9
4 60 155 17.9
5 80 35 13.5
6 100 215 10.4

the powder [23]; the derivation of the contact law and energy dissipa-
tion method are detailed in reference [24]. The powders used were TC4
alloys, including PREP25-75, PREP0-53, and GA0-53. The interparti-
cle friction, rolling resistance, and restitution coefficients were selected
based on experimental data from Ref. [25], whereas the tap density and
particle size distribution were determined from experimental measure-
ments (listed in Table 2). Because the average particle size exceeded
20 pum, van der Waals and capillary forces could be neglected, and the
powder behavior was primarily dominated by friction and collisions.
Therefore, the Hertz-Mindlin model adequately represented the main
interparticle interactions, providing a close approximation of the dy-
namic behavior of actual metal powders.

A high-speed imaging (Revealer-5KF10M) platform (sampling rate >
1000 fps) was used for in-situ monitoring, enabling high-precision track-
ing of particle migration trajectories (> 5 x 10° particles per frame) and
sensitive detection of local changes in the repose angle of the powder
bed (detection sensitivity 0.3°-0.8°) during the spreading process. By
comparing the in-situ measured powder bed angles with those predicted
by the DEM simulation (as shown in Section 4.2), the DEM model (devel-
oped using DEMSlab software) was validated, providing crucial insights
into powder flow mechanisms and guidance for optimizing LPBF spread-

ing parameters [26]. Additionally, the packing density can be quan-
titatively evaluated by binarizing the vertical views of the generated
powder bed from both the experiments and simulations (Figs. 2(a3) and
(b)), providing a basis for analyzing packing density.

2.3. SVM model

To address the problem of the insufficient generalization abil-
ity of traditional ML models under small-sample conditions, a novel
simulation-driven ML collaborative optimization framework is pro-
posed. This framework aims to reduce the experimental workload signif-
icantly while efficiently obtaining sample data points, thereby improv-
ing the prediction accuracy and generalization performance of the ML
model.

Based on high-precision DEM simulations calibrated using in-situ
monitoring, a dataset of 63 samples (simulation: experimental = 5:2)
was generated to balance diversity and physical fidelity, covering key
physical indicators such as the packing density and porosity of the pow-
der bed. Using this dataset, an SVM model was trained to achieve a rapid
and accurate optimization of the spreading parameters (layer thickness
and spreading speed). Using the +1 classification scheme of the SVM,
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Fig. 2. In-situ monitoring and DEM simulation diagram of powder motion: (a;) In-situ characterization platform built-in LPBF warehouse; (a,) Powder pile during
the experiment; (a3) Vertical view of generated powder bed; (b,;) DEM simulation under the consistent working conditions; (b,) Powder layer and pile during the

DEM simulation; (b3) Force chain diagram captured from the DEM simulation.

samples above the mean packing density and below the mean Ra were
labeled as “1” and others as “~1.” The mean was used as the threshold
because a uniformly designed experiment ensured a balanced dataset
without outliers. The dataset was randomly divided into training and
testing subsets at a ratio of 8:2 to ensure sufficient data for both model
learning and performance evaluation.

The dataset was used to train an SVM model with an RBF ker-
nel. Five-fold cross-validation was employed to evaluate the perfor-
mance of the model and enhance its generalization ability under small-
sample conditions while simultaneously optimizing the hyperparame-
ters (C = 100, gamma = 0.01). This approach enables rapid and precise
optimization of the spreading parameters (layer thickness and spreading
speed) and ensures stable model performance.

3. Results

Owing to the multiple reflection effects during the interaction be-
tween the laser and powder bed, the packing density of the powder bed
directly affects the energy absorption rate, melt pool stability, and fu-
sion quality in the LPBF process [27]. The roughness (Ra) of the fused
upper surface, as a quantitative evaluation index of fusion quality, re-
flects the final synergy between powder spreading and laser melting
during the LPBF process [28,29]. To investigate the stacking and form-
ing characteristics of powder systems with varying properties during the
dynamic powder-spreading process, this study systematically analyzed
the powder-bed packing density and evolution of the fused upper sur-
face quality for three types of powders with different powder-spreading
parameter combinations (listed in Table 3).

3.1. Packing density and fusion quality of three powders
Fig. 3(a) shows the changes in the powder-bed packing density for

the three powders under six sets of powder-spreading parameters, and
the corresponding powder-bed morphologies under different parameter
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Fig. 3. Changes in (a) powder-bed packing density and (b) surface roughness for
three powders under six sets of powder-spreading parameters (Table 3); Speci-
fied images of (c) powder layer and (d) fused surface morphology corresponding
to the cases marked in (a) and (b), respectively.

sets are shown in Supplementary materials Fig. S1. The PREP0-53 pow-
der achieved the highest packing density of approximately 60 % and uni-
form powder arrangement under parameter set 5 (Fig. 3(c)). In contrast,
the PREP25-75 powder had a markedly lower density (approximately
20 %-28 %), probably because of the presence of larger particles that
reduced the flowability and filling efficiency [30]. The GAO-53 powder
demonstrated the lowest overall packing density (15 %25 %), likely
because its poor particle sphericity and flowability hindered uniform
spreading and left unfilled voids between the powders [31].

Figs. 3(b) and 4 illustrate the variation in the surface roughness (Ra)
of the specimens fabricated with the three types of powder under six
sets of spreading parameters. The highest powder-bed packing density
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Fig. 4. Surface morphologies of the fused layers under six sets of powder-spreading
(az—f3) GAO-53.

did not correspond to the lowest surface roughness. PREP0-53 powder
achieved its maximum packing density under parameter set 5 (35 mm/s
spreading speed and 80 um layer thickness). However, the minimum
Ra value (6.256 um) of this powder occurred under parameter set 1 (as
shown in Fig. 4(ay), where the fusion surface was continuous with a
good overlap). This discrepancy can be attributed to the interplay be-
tween packing density, laser energy absorption, and melt pool stability.
At high layer thicknesses, an excessive packing density can reduce laser
penetration and remelting efficiency, leading to melt pool instability and
increased surface roughness [32,33].

Compared with the PREP0-53 powder, the fusion quality of the
PREP25-75 powder under parameter set 5 was significantly poorer (Ra
> 40 um, Figs. 4(e;) & (f;)). It is speculated that large powder particles
are more prone to form an unstable melt pool under the same spreading
conditions, consequently increasing the surface roughness.

The fusion Ra of the GA0-53 powder consistently remained within
the range of 15-30 ym. Its minimum value (8.736 ym), coinciding with
that of the PREP0-53 powder, also appeared under parameter set 1

parameters (Table 3) for three powders: (a;-f;) PREP25-75; (a,—f,) PREP0-53;

(Fig. 4(ag)). However, the packing density achieved with parameter set
1 was only 15 %-25 %, significantly lower than that of PREP0-53 un-
der the same set. This demonstrates that a relatively low powder-bed
packing density can also yield a favorable fusion surface quality, which
further confirms that the optimal fusion quality does not solely depend
on the maximum packing density but rather on achieving a balance be-
tween sufficient powder presence for laser absorption and maintaining
melt pool stability.

In other words, an excellent fusion quality fundamentally re-
sults from the synergistic interaction between a specific laser en-
ergy input and a powder bed with an appropriate packing density.
Achieving a high fusion quality with a low-packing-density powder
bed tends to be stochastic, and the corresponding laser energy pro-
cess window is narrow. Therefore, based on a comprehensive eval-
uation of the powder-bed packing density and fusion quality, this
study assigned labels for the SVM quality classification (as detailed in
Section 3.2) to identify optimized spreading parameters with broader
applicability.
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Table 4
SVM used classification results obtained from experimental data.
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Powder Layer thickness (um) Spreading speed(mm/s) Energy density of laser (J/mm) Packing density ( %) Ra (um) Classification
PREP 20 95 53.8 24.064 18.506 1
25-75 30 155 35.9 23.426 12.338 1
40 275 26.9 22.092 18.338 -1
60 155 17.9 20.233 20.732 -1
80 35 13.5 25.181 43.789 -1
100 215 10.4 17.215 37.313 -1
PREP 20 95 53.8 31.338 6.259 1
0-53 30 155 35.9 33.181 10.687 1
40 275 26.9 32.036 14.839 1
60 155 17.9 32.463 14.467 1
80 35 13.5 55.057 16.92 1
100 215 10.4 34.193 18.69 -1
GA 20 95 53.8 19.560 8.736 1
0-53 30 155 35.9 15.361 9.46 -1
40 275 26.9 15.211 16.338 -1
60 155 17.9 17.494 18.054 -1
80 35 13.5 24.199 18.047 -1
100 215 10.4 24.994 23.566 -1
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Fig. 5. SVM optimization maps and comparison of forming quality under default settings of the LPBF equipment and SVM-optimized parameters for three powders:

(a,—¢;) PREP25-75; (a,—c,) PREP0-53; (a;—c;) GAO-53.

3.2. Optimization of powder-spreading parameters based on SVM

The classification results for the experimental dataset are listed in
Table 4, and the results for the DEM-augmented dataset are provided in
Supplementary materials Table S1.

Based on the aforementioned classification criteria (Section 2.3), the
SVM model was trained and validated using a dataset comprising 45 sim-
ulation datasets generated using the DEM and 18 experimental datasets.
The final model achieved a prediction accuracy of 93 %, demonstrat-
ing a good predictive precision. Subsequently, the SVM optimization
map shown in Fig. 5(c) was obtained. The predicted probability values
(Pproba) were used to represent the confidence level of each parameter
combination, with values closer to 1 indicating a higher confidence in

achieving superior fusion quality and powder packing density. Accord-
ingly, the color gradient from red to blue reflects the transition from
superior to inferior performance, where the red regions correspond to
the optimal process window for achieving high-quality surface fusion
and high packing density.

Fig. 6 compares the fusion quality under the default powder-
spreading parameters (control group) of the LPBF equipment (Fig. 6(a))
and the optimized ML parameters (Fig. 6(b)). The results showed that
the optimized parameters yielded smoother and flatter melt tracks with
lower surface roughness. Among these, the PREP0-53 powder fused sur-
face Ra value improved significantly, decreasing from 10.687 um in
the control group (using manufacturer-recommended default powder-
spreading parameters, Fig. 4(b,)) to 4.598 ym (using optimized powder-
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Fig. 6. Effect of layer thickness on forming quality under different spreading
speeds for PREP0-53 powder based on (a) SVM optimization map with the pro-
files of (b) three spreading speeds (265, 230, 68 mm/s) and (c) the optimized
spreading speed (65 mm/s).

spreading parameters, Fig. 6(b,)). The melt track morphology became
more continuous and the surface flatness was notably enhanced. Addi-
tionally, PREP0-53, characterized by a small powder particle size, high
sphericity, and good flowability, achieved superior fusion quality com-
pared with the control group under both low and high powder-spreading
speeds. In contrast, PREP25-75 and GA0O-53, owing to their larger pow-
der particle sizes or irregular morphologies, respectively, achieved a
balance between flowability and pileability only at medium powder-
spreading speeds, resulting in a single optimal parameter. A detailed
analysis of this mechanism is provided in Section 4.2.

The optimal powder-spreading thicknesses for the three types of
powders were concentrated in a relatively narrow range (19.5-27 pm).
This was primarily because of the laser energy conditions applied in
this study (laser power of 155 W and scanning speed of 1200 mm/s); an
excessive thickness can prevent complete laser penetration, leading to a
lack of fusion. Further analysis of the optimization map of the PREP0-53
powder (Fig. 6) revealed that at a fixed spreading speed, the fusion qual-
ity initially improves and then deteriorates as the thickness increases.
Initially, an increase in thickness enhances the spreading uniformity and
fusion quality. However, when the thickness exceeds a critical value, the
laser energy becomes insufficient for full penetration, resulting in inad-
equate remelting. Additionally, as the spreading speed increases, the
optimal thickness correspondingly increases (Figs. 6(b) and (c)). This is
because an increased spreading speed reduces the powder quantity per
unit area (lower powder layer density), necessitating a thicker layer to
compensate for the total powder amount and maintain a match between
the laser energy and powder-melting requirements.

4, Discussion

This study conducted fusion experiments using the LPBF equipment
with the default laser parameters for TC4 (laser power: 155 W, scanning
speed: 1200 mm/s). The default powder-spreading parameters (nomi-
nal layer thickness: 30 ym, spreading speed: 155 mm/s) were used as
the control group. Through rapid parameter optimization of the SVM
model, it was found that under the laser energy conditions used in
this study, the optimal powder layer thickness was concentrated within
the range of 19.5-27 ym. This optimization result indicated that under
the given laser energy input conditions, the powder layer thickness re-
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Fig. 7. Simulated diagram of (a) particle motion speed zones during powder
spreading at various spreading speeds of (b) 35 mm/s and (c) 275 mm/s.

quired for excellent fusion quality has a certain adaptive range [34].
Notably, within the parameter regime involved in this study, the opti-
mized spreading speed variation range was relatively broad. Compared
with the laser energy adaptability in terms of layer thickness, the influ-
ence mechanism of the spreading speed on the powder motion state and
corresponding spreading quality is more complex. Therefore, the dis-
cussion section is based on experimental results combined with numer-
ical simulations to focus on analyzing the dynamic behavior of powders
with different features as the spreading speed changes, thereby estab-
lishing an association mechanism between powder characteristics and
adaptively optimized spreading parameters.

4.1. Deposition mechanism of spreading powder

Based on in-situ monitoring and DEM simulations, the dynamic be-
havior of powder particles, including their velocity, direction, and force
state within the powder bed, was analyzed at different spreading speeds.
The analysis showed that the dynamic behavior in the powder-spreading
process is primarily governed by the inertial and contact effects [3,20].

4.1.1. Inertial effect

The inertial effect is primarily manifested by the change in the par-
ticle motion state of the powder pile in front of the scraper with vari-
ations in spreading speed. As shown in Fig. 7(a), the particle motion
speed of the outer layer of the powder pile is relatively high, with par-
ticles flowing downward along the slope, whereas the internal parti-
cle motion speed of the powder pile and powder near the substrate is
lesser. The entire powder pile shifts as the scraper moves [35]. Under
low spreading speed conditions, the inertial effect is weak, and the pow-
der pile in front of the scraper exhibits a combined motion mechanism
of flow and sliding (Fig. 7(b)). The particle system has sufficient time
and probability for reorganization and migration, enabling the effective
filling of voids between powder particles and achieving a higher pack-
ing density. As the spreading speed increases, particle motion enters the
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within particles; (c), (d) Simulated results of interparticle contact forces for three powders.

“inertial effect”- dominated status. At this point, the front powder pile
tends to be in a rigid solid state. It is primarily driven to move forward
along the direction of the scraper advancement, with a significant re-
duction in the relative flow and sliding between the internal particles
(Fig. 7(c)), which is detrimental to deposition spreading. In particular,
at the front edge of the powder pile, under the impact of a high-speed
moving scraper, some particles detach from the original pile, causing
the powder pile to tend toward a loose state, which often results in a
decrease in the packing density of the powder bed.

4.1.2. Contact effect

The region of interest shown in Fig. 8(a) corresponds to the area
where particles are about to be acted upon by the scraper and subse-
quently deposited into the powder bed. This is the key region involved
in the formation of powder bed structures during powder spreading
[36]. To ensure the inclusion of particles simultaneously contacting the
scraper and the substrate, thereby capturing all force chain transmission
paths for these particles, the dimensions of the region of interest are set
to 200 ym in width multiplied by the scraper height. The force states
of the particles within this region directly affect the powder bed quality
[37]. Particles are primarily subjected to forces including gravity, the
frictional force generated along the scraper motion direction from con-
tacts between the upper-layer particles (driven by the scraper) and the
particles in the lower region of interest layer, and the transverse fric-
tional force between the bottom particles and the substrate (Fig. 8(b)).
During powder spreading, the contact force between the upper-layer
particles is a critical factor that influences the powder bed quality. When
the contact force is excessive, the resulting friction component oppos-
ing the gravitational direction hinders the downward filling behavior of
the particles under gravity [38]. This significantly weakens the vertical
flowability of the powder, thereby leading to the formation of voids in
the local area at the bottom, which reduces the density and uniformity
of the powder bed.

Table 5
The particle coordination number (n) under different spreading speeds.

35 mm/s 95 mm/s 155 mm/s 215 mm/s 275 mm/s
PREP25-75 8 6 6 7 9
PREP0-53 10 7 8 9 9
GA0-53 11 9 8 12 11

Based on Figs. 8(c) and (d), the interparticle contact forces of the
three powders initially decreased with an increase in the powder-
spreading speed and then subsequently increased. This was owing to the
continual variations in the particle arrangement and stress states under
different spreading speeds, leading to changes in the particle coordi-
nation number (n) and elastic contact force between particles (F). The
overall magnitude of the interparticle contact force (N) is determined
using N = nF. Based on the DEM numerical modeling, n was statistically
analyzed under different spreading speeds, and the results are presented
in Table 5. The powder particles transitioned from a static close-packed
state (with a larger n) to a medium-low speed rolling state (with decreas-
ing n), during which F changed slightly (the magnitude of the forces can
be observed in the particle force chain structures shown in Figs. 10, 11,
and 12) and N began to decrease. As the spreading speed increased, the
particles were propelled during the motion, with n remaining largely un-
changed, whereas F increased, leading to an increase in N. Additionally,
under the same set of spreading parameters, the contact force between
the GA0O-53 particles was significantly greater than that of the other two
powders. This can be primarily attributed to the higher proportion of ir-
regularly shaped particles in the GA powder, which results in a larger n
and, consequently, a greater N.

Based on the above analysis, the dynamic behavior of the powder-
spreading process is jointly influenced by the inertial and contact effects.
In other words, both significant inertial effect and large contact forces
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155 mm/s, and (a,—d,) 215 mm/s; 6 is the angle of repose of the powder pile.

are detrimental to forming a uniform and dense powder layer. The in-
ertial effect becomes more pronounced as the powder-spreading speed
increases, whereas the contact effect is generally present and initially
decreases; thereafter, it increases with the increase in powder-spreading
speed. Based on the dynamic behavior mechanism of the powder and
force analysis, the underlying mechanisms linking the powder charac-
teristics to adaptive, optimized powder-spreading parameters will be
further elucidated.

4.2. Dynamic behavior and optimization mechanism in powder spreading

This section, combining in-situ monitoring of the three powders with
DEM simulation, will further reveal the dynamic evolution behavior of
inertial and contact effects in powder systems with different features.
Figs. 9 (a;—d;) and 10 show the motion characteristics and stress sta-
tus of the PREP25-75 powder particles at different spreading speeds.
In the medium- to low-speed range (35-155 mm/s), the inertial effect
was weak, and the powder particles in the powder pile in front of the
scraper flowed downward along the slope while sliding forward with the
scraper, with the inclination angle of the powder pile remaining stable at
approximately 19° (Figs. 9(a;) and 10(a;)-(a3)). Within this stage, as the
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spreading speed increased, N decreased from 3.6 x 1077 to 3.4 x 107 N
continuously owing to the reduction in n (Figs. 8(c) and 10(d,)), and the
packing density stabilized at 20 %—-25 % (see Section 3.1). In the high-
speed stage (> 215 mm/s), the inertial effect intensified, resulting in a
significant increase in high-speed moving particles in the powder pile
ahead of the scraper (red and yellow particles in Fig. 10(a4) increase in
proportion). At this point, the relative flow and sliding between the in-
ternal particles decreased notably; simultaneously, F increased and N in-
creased to (Fig. 10(d,4)). The flow and deposition of the powder pile par-
ticles along the gravitational direction were restricted, resulting in the
powder-bed packing density dropping below 18 %. This phenomenon
indicates that under high-speed powder-spreading conditions, inertia-
driven restricted gravitational flow and loose packing are key factors
restricting uniform powder spreading.

Figs. 9 (ay—d,) and 11 show the motion characteristics and stress
status of the PREPO-53 powder particles at different spreading speeds.
In the low powder-spreading speed range (35-95 mm/s), the inertial ef-
fect was weak, and the particles transitioned from a static close-packed
state to a combined motion of flow and sliding. As the spreading speed
increased, the PREP0-53 powder exhibited a dynamic evolution trend
similar to that of the PREP25-75 powder, where n decreased, caus-
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ing N to decrease by approximately 23 %, from about 3.1 x 1077 to
2.4 x 1077 N (Figs. 8(c) and 11(d2)). At medium speed (155 mm/s), the
particle velocity in the powder pile ahead of the scraper increased, and
the entire pile moved uniformly (Fig. 11(a3)). The powder pile adopted a
close-packed state with an increase in n and N (Fig. 11(d3)). The strong
interparticle friction and mechanical interlocking hindered the down-
ward filling behavior of particles under gravity, weakening the vertical
flowability and reducing the density and uniformity of the powder bed.
At a high speed (215 mm/s), the inertial effect intensified. The powder
pile ahead of the scraper exhibited velocity partitioning; the upper layer
moved predominantly with the scraper, exhibiting a sharp increase in
the inclination angle to 28°, whereas the lower layer maintained a mixed
flow-sliding motion (Fig. 11(c4)). Owing to the localized velocity dif-
ferences, n decreased compared with the medium-speed stage, accom-
panied by a weakening of the overall force chain (Fig. 11(d4)). The re-
duced N facilitated particle deposition into the powder bed, enabling
stable spreading and uniform packing. However, at even higher spread-
ing speeds, excessive inertial effects deprived particles of sufficient time
for vertical deposition, ultimately compromising the uniformity of the
powder bed.
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Figs. 9 (ag—d3) and 12 show the motion characteristics and stress
status of the GAO-53 powder particles at different spreading speeds. As
the spreading speed increased from 35 to 155 mm/s, the variation in the
particle velocities led to a reduction in n, causing N to decrease. This fa-
cilitated particle flow into the gaps and deposition into the powder bed,
thereby improving the packing density. At high speeds (215 mm/s), the
powder pile ahead of the scraper transitioned into a rigid bulk state
owing to the inertial effect, which drove it forward as a whole along
the scraper’s advancing direction. The relative flow and sliding between
the internal particles decreased significantly (as shown in Fig. 9(d3)),
whereas n increased. Concurrently, F between particles increased, re-
sulting in a notable increase in N to 2.6 x 1077 N (Figs. 8(d) and 12(d,)).
Consequently, this impeded the downward filling tendency of the par-
ticles, resulting in a packing density that dropped below 15 %. Owing
to the higher proportion of irregular particles in GAO-53 powder, its n
remains elevated, and N under all spreading parameters was more than
twice that of the other powders (Fig. 8(d)), demonstrating a stronger
contact effect. During spreading, the weak flow of particles in the front
powder pile made filling the gaps difficult, resulting in a consistently
low packing density across all parameters (see Section 3.1). Moreover,
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poor flowability tended to form localized uplifts near the rear of the
powder pile adjacent to the scraper, forming inclination angles of up to
39° (Fig. 12(c4)).

In summary, for these three powders with different characteristics,
excellent powder-spreading quality was achieved when the spreading
parameters fell within the range where the inertial effect was weak and
the contact force was minimized (Fig. 13). Specifically, powders with a
wide particle-size distribution (PREP25-75) exhibited more significant
inertial effects owing to the presence of large particles during spreading,
whereas powders with low sphericity and irregular morphology (GAO-
53) showed stronger contact effects owing to enhanced interparticle fric-
tion and mechanical interlocking. In contrast, powders with a narrow
particle size distribution and high sphericity (PREP0-53) exhibited rel-
atively low inertial and contact effects, enabling balanced behavior and
optimal spreading performance at both low and medium-to-high spread-
ing speeds.

5. Conclusions

This study established an adaptive powder-spreading strategy for
LPBF by integrating DEM simulations and ML for three types of TC4
powders to rapidly optimize the layer thickness and spreading speed
based on powder characteristics. This strategy is expected to be extend-
able to powders with other characteristics and to different alloy systems.
The main conclusions are as follows:

(1) A DEM-ML integrated framework enables rapid adaptive optimiza-
tion of the LPBF spreading parameters for diverse powders. By com-
bining DEM simulations (calibrated with in-situ monitoring of par-
ticle dynamics) and an SVM model trained on the simulation data,
this study established a method to intelligently optimize the pow-
der layer thickness and spreading speed based on specific powder
characteristics (particle size distribution and morphology). This ap-
proach achieves a 93 % prediction accuracy and significantly reduces

12

the need for costly trial-and-error experiments while improving the
surface roughness (Ra) by 26.5 %-37.9 % for PREP and GA TC4
powders compared with default parameters.

The optimal spreading parameters are powder-specific and depend
on inherent characteristics. The PREP0-53 powder (smaller, spheri-
cal particles) achieved excellent fusion quality across a wider range
of spreading speeds (both low and medium-high), benefiting from
better flowability. PREP25-75 powder (larger particles) performed
best at medium speeds, as high speeds exacerbated the inertial ef-
fects and low speeds offered fewer advantages. The GAO-53 powder
(irregular morphology) required medium spreading speeds to bal-
ance the flowability limitations and inertial effects, achieving the
best (though still lower) packing density and fusion quality under
these conditions. Crucially, the highest packing density does not al-
ways correlate with the best fusion surface quality, underscoring the
need for an integrated optimization approach.

Powder-spreading quality is governed by the inertial effects and
contact effects. DEM simulations and in-situ monitoring revealed
that optimal packing density and uniformity occurred when the
spreading parameters minimized the interparticle contact forces
while avoiding excessive inertial effects. Weak inertial effects (lower
speeds) enable particle flow and rearrangement for improved pack-
ing, whereas minimized contact forces (achieved at specific speeds
depending on the powder type) facilitate particle filling under grav-
ity. Strong inertial effects (high speeds) cause rigid powder pile
motion and poor filling, whereas high contact forces (especially
in irregular powders such as GA) hinder vertical flow and gap
filling.

(2
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