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Abstract

This paper investigates the powder spreading process in a Z-direction multi-material
fabrication system utilizing a blade. Focusing on 316L stainless steel and CuCrZr, a discrete
element model was developed to simulate powder spreading at the heterogeneous material
interface. The effects of spreading speed and theoretical layer thickness on the resulting
powder bed quality were systematically examined. The results reveal that during spreading
over a heterogeneous bed, the underlying powder exhibits an unsteady “forward-surging
and rearward-suppressing” motion pattern, with inter-particle force chains displaying
significant spatiotemporal fluctuations. Increasing the spreading speed exacerbates the
disturbance and removal of the underlying powder, leading to a reduction in the deposited
mass of CuCrZr and a deterioration in its distribution uniformity. Conversely, increasing the
layer thickness effectively mitigates the mechanical disturbance of the underlying powder
by the blade, significantly enhancing both the deposited mass of CuCrZr and its distribution
uniformity. Further investigation demonstrates that employing a higher spreading speed
in combination with a larger layer thickness can achieve a favorable powder bed quality
while maintaining high spreading efficiency, thereby enabling a synergistic optimization of
productivity and bed quality. This work elucidates the mesoscopic dynamic mechanisms
governing the powder spreading process at Z-direction heterogeneous interfaces and
provides a theoretical foundation for process optimization in multi-material laser powder
bed fusion.

Keywords: multi-material additive manufacturing; laser powder bed fusion; heterogeneous
interface; powder spreading process; discrete element method; spreading process optimization

1. Introduction
Multi-material additive manufacturing (MM-AM) enables the precise spatial arrange-

ment and integrated fabrication of multiple materials within a single component, allowing
different regions to be tailored with specific materials to meet diverse functional require-
ments. This “on-demand material allocation” paradigm offers a novel technological path-
way for the synergistic optimization of a component’s material composition, structural
design, and resultant performance [1,2]. MM-AM not only holds the potential to surpass
the performance limitations inherent in conventional homogeneous materials but also
facilitates part consolidation, shortens manufacturing lead times, and enhances system
reliability. Consequently, it represents a significant development frontier and a prominent
research focus within the AM field [3,4].
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MM-AM encompasses various process categories, including laser powder bed fusion
(LPBF), directed energy deposition (DED), wire arc additive manufacturing (WAAM), and
cold spraying [5–7]. Among these, LPBF, owing to its distinct advantages such as high
forming precision, excellent surface finish, and capability to fabricate complex geometric
features, demonstrates considerable promise for producing multi-metal components [8–10].
In this process, a blade or roller spreads a thin layer of powder onto a substrate, after
which a high-energy laser beam selectively melts the powder according to a predefined
path, building the three-dimensional object layer by layer. To achieve multi-material capa-
bility, researchers have developed various modifications to conventional single-material
spreading systems, which can be broadly categorized into blade-based, ultrasound-assisted,
electrophotography-based, and multi-technique hybrid systems [11–13]. Blade-based
systems typically achieve heterogeneous material distribution along the build direction (Z-
direction) by sequentially spreading from distinct powder reservoirs. Ultrasound-assisted
delivery utilizes high-frequency vibrations to precisely deposit powder from fine nozzles,
enabling patterned powder placement within a single layer and offering the possibility
of constructing complex heterogeneous interfaces. Electrophotography-based methods,
inspired by laser printing principles, achieve high-resolution selective powder transfer via
electrostatic forces, rendering them particularly suitable for fabricating fine functionally
graded structures. Although blade-based spreading is limited to layer-by-layer heterogene-
ity along the Z-direction, its simplicity, high reliability, and suitability for unidirectional
multi-material components have made it a research hotspot and led to some industrial
adoption [14].

Powder spreading is a critical step in the LPBF process, as the quality of the spread
layer directly influences subsequent melting stability and, ultimately, the performance of
the final part [15]. Direct experimental observation of powder dynamics during spread-
ing is challenging due to the typical particle size of tens of micrometers. The Discrete
Element Method (DEM) provides a powerful tool to simulate the motion, collision, and
packing behavior of individual particles at the microscale, offering valuable insights into
powder bed formation mechanisms and the influence of spreading parameters on bed
quality [16,17]. In recent years, DEM has been extensively employed to study powder
spreading. Pioneering work by Parteli et al. [18], Chen et al. [19–21], and Nan et al. [22,23]
established foundational DEM models for LPBF spreading processes, revealing particle
flow behavior through combined numerical simulation and experimental validation. Build-
ing upon this, researchers have extended DEM applications to multi-material systems. For
mixed powder systems, studies by Chen et al. [24], Yao et al. [25], Zhang et al. [26], and
Tan et al. [27] developed DEM models for spreading multi-material mixtures, elucidating
the influence of particle size, volume fraction, and process parameters on packing den-
sity and uniformity. Wang et al. [28] investigated scenarios where material composition
varies perpendicular to the spreading direction, studying particle segregation during the
spreading of two metal powders with significantly different densities. However, existing
research predominantly focuses on single materials or homogeneous mixtures, leaving
the spreading behavior at the heterogeneous interface region in Z-direction multi-material
fabrication relatively unexplored.

This paper addresses this gap by focusing on a Z-direction multi-material fabrication
process utilizing a doctor blade. A DEM simulation model is developed to investigate
powder spreading dynamics on a pre-existing heterogeneous powder bed. The influence of
key process parameters, specifically spreading speed and theoretical layer thickness, on
the quality of the resulting powder bed is systematically analyzed, aiming to provide a
scientific basis for process optimization in multi-material LPBF.
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2. Modeling of the Spreading Process
2.1. Simulation Setup for Z-Direction Multi-Material Spreading

In the Z-direction multi-material fabrication process based on doctor blade spreading,
material A (potentially constituting several layers) is first fabricated. Subsequently, material
B is spread and melted via laser (also potentially for multiple layers), ultimately yielding
the multi-material component, as illustrated schematically in Figure 1.

Figure 1. Schematic of the multi-material component fabrication process.

During the transition from fabricating one material to spreading the next, powder
particles of the two materials inevitably undergo complex interactions due to their meso-
scopic scale and the dynamic nature of spreading. This can lead to interpenetration and
mixing, which significantly impacts subsequent processing and the performance of the
bonding region in the final component. To investigate these interactions, a DEM simulation
model was established, as shown in Figure 2. The effective spreading length L is 7 mm,
and the width W is 0.5 mm. Periodic boundary conditions are applied in the Y-direction to
eliminate sidewall effects and enhance computational efficiency. The theoretical spreading
layer thickness for the underlying material HD is set to 200 µm, but due to the dynamic
relaxation of the powder bed after blade passage [29,30], the actual measured thickness of
the underlying powder bed is approximately 150 µm. The nominal theoretical spreading
layer thickness for the upper material is HU , where HU = HW − HD. The default value of
HU is 50 µm, but the actual spreading layer thickness will be substantially larger because
the initial underlying bed is not fully dense [29]. Here, HW is the distance between the
bottom of the multi-material powder bed and the blade when spreading the upper powder
material. The study employs the common multi-material combination of 316L stainless
steel (316L SS) and CuCrZr, with 316L SS as the underlying powder and CuCrZr as the
upper spreading powder.

Figure 2. DEM simulation model of the multi-material spreading process.
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The powder particles are representative of actual additive manufacturing feedstocks.
The size distribution for both materials falls predominantly within 15–53 µm. The 316L SS
powder was sourced from Avimetal AM (Xuzhou) Tech Co. (Xuzhou, China), and the Cu-
CrZr powder from Jiangsu Vilory Advanced Materials Co., Ltd (Xuzhou, China). Scanning
electron microscope (SEM) images and the corresponding particle size distributions are
shown in Figure 3.

Figure 3. Powder characteristics. (a) SEM image of 316L SS powder. (b) Particle size distribution of
316L SS powder. (c) SEM image of CuCrZr powder. (d) Particle size distribution of CuCrZr powder.

2.2. Discrete Element Method Formulation

The Discrete Element Method is employed to simulate the powder spreading process
over the heterogeneous powder bed. The translational and rotational motions of each
particle are governed by Newton’s second law:

mi
dvi
dt

= ∑
j

(
Fn

ij + Ft
ij

)
+ mig (1)

Ii
dωi
dt

= ∑
j

(
Tt + Tr) (2)

where mi, Ii, vi and ωi represent the mass, moment of inertia, translational velocity, and
angular velocity of particle i, respectively; g is the gravitational acceleration vector; Fn

ij and
Ft

ij are the normal and tangential contact forces exerted on particle i by particle j; Tt and Tr

are the torques arising from tangential forces and rolling resistance, respectively [31].
The normal and tangential contact forces are calculated based on the Hertz–Mindlin

contact model, incorporating elastic and damping components:

Fn
ij =

4
3

E∗√R∗δ3/2
n − 2

√
5
6

β
√

Snm∗vn
ij (3)
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Ft
ij = −min

[
Stδt + 2

√
5
6

β
√

Stm∗vt
ij, µsFn

ij

]
(4)

Tt = Ri × Ft
ij (5)

Tr = −µrRiFn
ij ωi (6)

In these equations, E and R are the Young’s modulus and radius of the contacting
particles; δn and δt are the normal and tangential overlaps; vn

ij and vt
ij are the normal

and tangential components of the relative velocity; µs and µr are the sliding and rolling
friction coefficients; and ωi is the unit angular velocity vector. The intermediate variables
representing equivalent properties (β, Sn, St) are defined as follows [32]:

β = − ln(e)√
ln2(e) + π2

(7)

Sn = 2E∗√R∗δn (8)

St = 8G∗√R∗δn (9)

where e is the restitution coefficient, E∗ is the equivalent Young’s modulus, G∗ is the
equivalent shear modulus, R∗ is the equivalent radius, and m∗ is the equivalent mass,
defined as [33]:

E∗ =

(
1 − σ2

i
Ei

+
1 − σ2

j

Ej

)−1

(10)

G∗ =

(
2 − σi

Gi
+

2 − σj

Gj

)−1

(11)

R∗ =
RiRj

Ri + Rj
(12)

m∗ =
mimj

mi + mj
(13)

where σ is Poisson’s ratio. Given the small particle size characteristic of LPBF feedstocks,
inter-particle adhesion forces significantly influence dynamic behavior during spreading.
Therefore, the Hertz–Mindlin model is augmented with the Johnson–Kendall–Roberts
(JKR) cohesion theory to account for these adhesive effects [34]. The normal force is then
expressed as:

FJKR =
4E∗

3R∗ α3 −
(

8πΓE∗α3
)1/2

(14)

where Γ is the effective surface energy [35]:

Γ = γi + γj − γij (15)

where γi, γij are the surface energies of particles i and j, respectively, and γij is their
interfacial surface energy. For particles of the same material, γij = 0. The contact radius α

is related to the normal overlap δn by the following implicit equation [36]:

δn =
α2

R∗ −
√

4πΓα

E∗ (16)
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2.3. Simulation Parameters and Model Validation

The physical properties used for 316L SS and CuCrZr in the DEM simulations are
summarized in Table 1 [19,37]. The selection of an appropriate time step is crucial for the
stability and accuracy of DEM simulations. The Rayleigh critical time step provides a key
reference [38]:

∆t = π

[
R

0.163σ + 0.877

√
ρ

G

]
min

(17)

where G is the material’s shear modulus and ρ is the density. As indicated by Equation (17),
the critical time step decreases with increasing shear modulus. To permit a larger time
step and reduce computational cost, the shear modulus used in the simulations was scaled
down to 1/100 of its actual value, a common practice in DEM simulations of cohesive
powders [39]. Accordingly, a fixed time step of 2.5 × 10−8 s was employed. It should be
noted that the surface energy values listed in Table 1 are not the intrinsic thermodynamic
surface energies of the metals, but rather effective, calibrated parameters determined jointly
by the reduction in the shear modulus (to 1/100 of the physical value) and the calibration
of other key parameters (e.g., rolling friction coefficient, restitution coefficient).

Table 1. Material physical properties used in DEM simulations.

Parameters
Values

316L SS CuCrZr

Poisson’s ratio, σ 0.3 0.34
Density, ρ/

(
kg · m3 ) 7800 8900

Young’s modulus, E/(GPa) 210 140
Restitution coefficient, e 0.9 0.88

Sliding friction coefficient, µs 0.6 0.63
Rolling friction coefficient, µr 0.085 0.09
Surface energy, γ/

(
mJ · m−2 ) 0.097 0.1

To validate the chosen parameters and the overall DEM model, angle of repose simula-
tions was performed for each powder type and compared with experimental measurements,
as shown in Figure 4. The experimentally measured angle of repose for 316L stainless
steel is about 30.0◦, which is close to the data obtained from experiments by other re-
searchers [40,41], and in good agreement with the simulation results. For CuCrZr, the
experimental angle was about 35◦, which agreed well with the simulated value. This good
agreement confirms the reliability of the calibrated model parameters.

Figure 4. Angle of repose. (a) Experimental measurement for 316L SS. (b) Simulated measurement
for 316L SS. (c) Experimental measurement for CuCrZr. (d) Simulated measurement for CuCrZr.

https://doi.org/10.3390/ma19091762

https://doi.org/10.3390/ma19091762


Materials 2026, 19, 1762 7 of 21

3. Results and Discussion
3.1. Dynamics of the Heterogeneous Powder Spreading Process

Figure 5 shows the particle distribution of the underlying powder bed before spreading
the upper CuCrZr powder, and the final particle distribution on the powder bed after
spreading with a blade speed v = 0.1 m/s and a theoretical layer thickness H = 50 µm.
Significant spatial non-uniformity is evident along the spreading direction (X-direction).
Near the left end (the starting region), CuCrZr particles are densely deposited, achieving
a local layer thickness of approximately 100 µm. In this region, the number of 316L SS
particles is markedly reduced, with their coverage far below the initial pre-spread state
(approx. 150 µm). Moving towards the right end, the amount of deposited CuCrZr
gradually decreases, the particles become more dispersed, and the distribution eventually
appears to stabilize.

Figure 5. (a) Particle distribution of the underlying powder bed before spreading the upper CuCrZr
powder, and (b) final particle distribution on the powder bed after spreading (v = 0.1 m/s, H = 50 µm).

This anomalous deposition pattern arises from the initial interaction between the
spreading powder and the stationary underlying bed. At the start of spreading CuCrZr,
the pre-spread 316L SS particles are static and exert resistance on the advancing front,
causing CuCrZr accumulation. Simultaneously, the advancing CuCrZr pushes these 316L
SS particles rightward. However, without replenishment from upstream, a particle-sparse
zone forms in the underlying layer just ahead of the accumulation. As spreading continues
towards the right, a dynamic equilibrium is eventually established: 316L SS particles
displaced from downstream zones are continuously replenished by particles set in motion
from upstream, and no further large-scale anomalies develop. Given this study’s focus
on the fundamental spreading dynamics at a dissimilar material interface, subsequent
analyses will concentrate on the right-hand region where quasi-steady conditions prevail,
avoiding the initial transients.

Figure 6 illustrates the relative positions and inter-particle contact force chains at
different times during spreading. Figure 6(a1–a3) shows that the underlying 316L SS and
the spreading CuCrZr generally remain stratified without deep interpenetration, although
the interface is not perfectly flat. The advancing CuCrZr causes a slight upward bulge in
the underlying 316L SS layer, and some particles at this perturbed interface exhibit limited
mixing. Figure 6(b1–b3) reveals the contact force network. Significant forces develop
within and near the interaction zone between the two materials, though the force chains
appear relatively loose and discontinuous. In the upper region of the spreading powder
pile (primarily CuCrZr), inter-particle forces are lower, but the force chains are denser,
indicating closer packing. Near the blade’s bottom edge, force chains are predominantly
oriented in the forward-downward direction (+X, −Z, i.e., ↘). At the very front of the pile,
some strong force chains with a forward-upward orientation (+X, +Z, i.e., ↗) are observed.
Crucially, the intensity and spatial distribution of force chains fluctuate significantly over
time, highlighting the stochastic nature of particle interactions during spreading. This
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temporal randomness correlates well with the spatial randomness observed in the final
particle distribution (Figure 5).

Figure 6. Snapshots of the spreading process at different times. Particle distribution showing material
positions at (a1) t = 0.35 s, (a2) t = 0.36s, (a3) t= 0.37s; Corresponding inter-particle contact force chains
at (b1) t = 0.35 s, (b2) t = 0.36s, (b3) t= 0.37s.

Under the continuous pushing action of the blade, the inter-particle contact network
constantly reorganizes—the formation of strong force chains corresponds to a local “locked”
state of particles, while the collapse of force chains releases particles, allowing them to
re-engage in flow. This intermittent process of force chain formation and collapse is
a fundamental characteristic distinguishing granular systems from continuous media,
and serves as the microscopic origin of the randomness observed in the final powder
bed distribution [39]. The spatiotemporal fluctuations of force chains reflect the self-
organization behavior of the granular system under dynamic perturbation.

Figure 7 depicts the motion of underlying 316L SS particles induced by the spreading
of upper CuCrZr particles. Figure 7a shows the velocity field. Although initially stationary,
the 316L SS particles are set in motion through direct contact with the advancing CuCrZr
and indirect shearing from the blade. Near the blade, 316L SS particles are pushed forward
and downward. At the leading edge of the spreading pile, they are pushed forward
and upward. This behavior is consistent with the particle trajectories exemplified in
Figure 7b. The underlying particles exhibit a characteristic “forward-surging and rearward-
suppressing” motion: particles at the front are lifted and carried forward, while those
closer to the blade are pushed forward and downward into the bed. This observed motion
aligns well with the orientation of force chains seen near the blade and at the pile front in
Figure 6(b1–b3).

https://doi.org/10.3390/ma19091762
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Figure 7. Motion of underlying 316L SS powder during CuCrZr spreading. (a) Velocity field.
(b) Representative trajectories of individual 316L SS particles.

This phenomenon can be further understood from the particle velocity field. In front
of the blade, particle velocity is not uniform: particles near the blade, directly pushed, move
faster forward, while those farther away are driven downward by gravity. When the upper
powder flows, the velocity gradient at the interface with the underlying powder induces
motion in the lower particles: at the front edge of the pile, the velocity gradient direction
causes underlying particles to be “lifted” and entrained into the flow (forward-surging); at
the rear edge near the blade, the velocity gradient direction causes underlying particles to
be “pressed” into the bed (rearward-suppressing). This non-uniform velocity field is the
direct cause of the complex motion observed in the underlying particles [42].

To quantitatively analyze particle dynamics, a moving area of interest (AOI) was
defined directly in front of the blade, as shown in Figure 8a. The AOI is a rectangular
region with dimensions of 400 µm in both the X- and Z-directions, extending through the
entire model in the Y-direction. Its X-direction starts at the front tip of the blade, and it
is symmetrically distributed about the bottom of the blade in the Z-direction. Figure 8b
presents the average total force on particles within the AOI over time. Both particle types ex-
perience significant force fluctuations, and their fluctuations exhibit a notable synchronicity,
indicating strong, time-varying coupling. Figure 8c shows the X- and Z-direction velocity
components averaged over the AOI. The X-velocity dominates, confirming the blade’s
primary role in driving forward motion. Velocities fluctuate, and again, the fluctuations for
316L SS and CuCrZr appear correlated. Figure 8d plots the average kinetic energy within
the AOI, which correlates with the velocity fluctuations. The dynamic data from the AOI
confirms that particle interactions during spreading are intense, fluctuating, and coupled
between the two material types. This leads to the inherently variable deposition behavior
and final bed heterogeneity observed in Figures 5 and 6.
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Figure 8. Time-resolved analysis of particle behavior within the moving AOI. (a) Definition and
location of the AOI. (b) Average total force on particles. (c) Average X- and Z-direction velocities.
(d) Average kinetic energy.

The synchronized fluctuations of particle forces and velocities indicate that the 316L
SS and CuCrZr particles within the AOI are in a state of strong dynamic coupling—the
flow of the upper CuCrZr directly drives the motion of the underlying 316L SS, while the
presence of the underlying 316L SS, in turn, reacts back on the forces and motion of the
upper particles. This inter-layer coupling is a core feature distinguishing heterogeneous
interface spreading from single-material spreading, and is the fundamental reason for the
complex dynamic behavior observed in the interfacial region [43].

3.2. Influence of Spreading Speed

Figure 9 shows the final powder bed morphology after spreading at different speeds
(0.05, 0.10, and 0.15 m/s). Spreading speed profoundly affects bed quality. At the lowest
speed (0.05 m/s), a relatively large amount of CuCrZr is deposited, but its distribution is
highly uneven, featuring noticeable bare patches devoid of CuCrZr. Increasing the speed to
0.10 m/s reduces the overall deposited CuCrZr, and the distribution remains non-uniform.
At the highest speed (0.15 m/s), only a sparse scattering of CuCrZr particles is deposited
on the bed.

https://doi.org/10.3390/ma19091762
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Figure 9. Powder bed particle distribution after spreading at different speeds.

The packing density and its spatial uniformity are key metrics for evaluating powder
bed quality. To quantify these, a relative packing density, φ, was defined based on a local
evaluation volume:

φ =
∑ VP

LX LY HZ
(18)

where ΣVP is the total particle volume within a sub-volume of in-plane dimensions LX and
LY, and height HZ. Based on particle Z-coordinate statistics (mainly −200 to 0 µm), HZ was
set to 200 µm. To assess spatial uniformity, the central region of the bed (1000 µm × 500 µm)
was divided into a 5 × 5 grid of 25 sub-volumes, as illustrated in Figure 10a. φ was
calculated for each sub-volume. Figure 10b,c show the spatial distribution of φ for all
particles and for CuCrZr particles only, respectively, at v = 0.1 m/s. The significant variation
in φ across the grid confirms the poor uniformity visually observed in Figure 9. Figure 10d
shows the average relative packing density for all particles, and for 316L SS-only and
CuCrZr-only at different spreading speeds. Increasing speed has a detrimental effect on
both materials. The CuCrZr density decreases substantially (from ~0.11 to ~0.02), indicating
that fewer CuCrZr particles are retained on the bed. Simultaneously, the density of the
pre-spread 316L SS also decreases (from ~0.42 to ~0.35), showing that higher spreading
speeds increasingly disturb and remove the underlying powder.

https://doi.org/10.3390/ma19091762
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Figure 10. Quantitative analysis of powder bed density. (a) Schematic of the 5 × 5 sampling grid
used for local relative packing density calculation. (b) Spatial map of relative density for all particles
(v = 0.1 m/s). (c) Spatial map of relative density for CuCrZr particles only (v = 0.1 m/s). (d) Effect of
spreading speed on the average relative density of all particles, and 316L SS-only and CuCrZr-only.

The vertical (Z-direction) distribution of particles provides further insight. Figure 11
projects particle positions onto the XZ plane for the three spreading speeds. At 0.05 m/s,
a distinct layer of CuCrZr particles is visible primarily between Z ≈ −50 and 0 µm, with
relatively few 316L SS particles in this upper zone. At 0.10 m/s and 0.15 m/s, the deposited
CuCrZr layer is thinner and located deeper (mainly between −100 and −50 µm), and this
zone is heavily intermixed with 316L SS particles. In practical production, the varying
demands for material composition and properties across different sections of the target part,
coupled with the influence of particle composition on forming quality, dictate the need for
a relatively stable material composition in the intended forming area or component. Based
on the foregoing analysis, this intermixing, undesirable for maintaining sharp material
interfaces, is exacerbated at higher speeds. The lower speed (0.05 m/s) yields a higher-
quality bed with a purer surface layer of the desired material (CuCrZr). For an actual
Z-direction multi-material formed part, the fusion condition of its heterogeneous material
interfaces is comprehensively affected by the quality of the powder bed heterogeneous
interface, the number of heterogeneous interface layers, and the forming parameters [44–46].
To achieve good heterogeneous interface forming quality, comprehensive regulation of the
powder bed heterogeneous interface characteristics and forming parameters is required.

https://doi.org/10.3390/ma19091762
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Figure 11. XZ plane projection of all particles in the final powder bed at different spreading speeds.
(a) v = 0.05 m/s. (b) v = 0.10 m/s. (c) v = 0.15 m/s.

The underlying mechanism can be inferred from the contact force networks during
spreading, shown in Figure 12. Higher spreading speeds intensify particle interactions,
leading to the formation of stronger force chains, particularly across the material interface.
This strong mechanical interaction promotes the entrainment and removal of underlying
316L SS particles and hinders the stable deposition of incoming CuCrZr. The sparser
force chains observed at higher speeds also indicate a more dispersed, less stable particle
configuration in front of the blade, which correlates with the reduced particle deposition.
This provides a valid explanation for the distribution of particle coordinate projections in
the XZ-plane of the powder bed under different spreading speeds, as shown in Figure 11.

Figure 12. Inter-particle contact force chains during spreading at different speeds. (a) v = 0.05 m/s.
(b) v = 0.10 m/s. (c) v = 0.15 m/s.

The influence of speed can be further understood from the perspective of the force
chain network. At low speed (0.05 m/s), the force chain network is relatively dense
and stable, with sustained effective contacts between particles, facilitating the layer-by-
layer deposition of upper particles and the stable anchoring of lower particles. As speed
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increases, the energy input from the blade rises, causing the force chain network to become
sparser and more dynamic—strong force chains form frequently but also collapse rapidly,
shortening the effective contact time between particles. This unstable contact state makes it
difficult for upper particles to “anchor” on the bed surface, while simultaneously increasing
the probability of underlying particles being entrained and removed, leading to reduced
deposition and increased inter-layer mixing [47].

3.3. Influence of Layer Thickness

The theoretical layer thickness H is another critical parameter. Figure 13 shows the
final powder bed for H = 50, 100, and 150 µm at a fixed spreading speed of 0.1 m/s.
Increasing H from 50 to 100 µm results in significantly more CuCrZr deposition, but the
distribution remains poor, with prominent voids. A further increase to 150 µm yields a
substantial improvement: CuCrZr deposition is abundant and notably more uniform, with
no large voids visible.

Figure 13. Powder bed particle distribution after spreading with different theoretical layer thicknesses
(v = 0.1 m/s).

The quantitative effect on packing density is shown in Figure 14. The relative packing
density of the powder bed (all particles) increases markedly with H, from ~0.43 at 50 µm to
~0.70 at 150 µm. This increase is almost entirely attributable to the increased deposition of
CuCrZr, whose relative density rises from ~0.04 to ~0.21. The density of the underlying
316L SS remains relatively constant (~0.38–0.41), suggesting that a larger layer thickness
primarily provides more space for the incoming powder to deposit without significantly
disturbing the pre-existing layer.
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Figure 14. Effect of theoretical layer thickness on the average relative packing density of all particles,
and 316L SS-only and CuCrZr-only particles (v = 0.1 m/s).

Snapshots during spreading (Figure 15) illustrate the mechanism. With a smaller gap
(e.g., 50 µm), the blade and the advancing CuCrZr powder directly impinge on and displace
the underlying 316L SS particles. As H increases, a thicker buffer zone of CuCrZr particles
forms between the blade and the underlying 316L SS layer. This buffer absorbs much of the
mechanical disturbance, shielding the underlying layer and providing a quiescent zone for
incoming particles to settle.

Figure 15. Snapshots during spreading showing particle distribution for different theoretical layer
thicknesses. (a) H = 50 µm. (b) H = 100 µm. (c) H = 150 µm.

This “shielding effect” can be understood from the perspective of momentum transfer
between particles. When the layer thickness is small (50 µm), the upper CuCrZr layer is
thin, allowing the driving force applied by the blade to be effectively transmitted to the
interfacial region, directly driving the motion of underlying 316L SS particles. As the layer
thickness increases, the upper powder layer thickens, lengthening the transmission path of
the driving force, which dissipates through collisions and friction among multiple particle
layers [48]. When the layer thickness reaches 150 µm, the driving force transmitted to
the interface is substantially attenuated, becoming insufficient to significantly disturb the
underlying particles, thus forming an effective “shield” for the lower powder layer.

To further analyze this shielding effect, the average forces on particles within the area
ahead of the blade (defined in Figure 15c) were examined as a function of distance from
the blade bottom. The sub-areas, each with dimensions of 200 µm, 500 µm, and 50 µm in
the X, Y, and Z directions, respectively, are designated as A1 through A7. As the domain
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width in the Y-direction is exactly 500 µm, each sub-area extends across the full width of the
computational domain. Thus, their distances from the bottom of the blade are 0 µm, 50 µm,
100 µm, 150 µm, 200 µm, 250 µm, and 300 µm, respectively. Figure 16a,b show the temporal
evolution of average total force and X-direction force magnitude for H = 150 µm. Forces are
highest and most variable close to the blade and decay rapidly with distance. Figure 16c
compares the average total force in each sub-area for different H. The force in the critical
near-blade region (A1, A2) is significantly lower for H = 150 µm compared to smaller
thicknesses. This is primarily because a larger layer thickness provides a sufficient buffer
zone between the blade and the fixed base, which weakens the strong interactions between
particles and reduces occurrences such as particle clogging. Interestingly, Figure 16d shows
that the average X-direction force within the pile itself (sub-areas A1–A7) is relatively
insensitive to H, indicating that layer thickness primarily affects the interaction near the
blade–bed interface rather than the internal dynamics of the spreading pile.

Figure 16. Analysis of forces within the area ahead of the blade for different layer thicknesses.
(a) Temporal evolution of average total force in sub-areas A1–A7 (H = 150 µm). (b) Temporal
evolution of average X-direction force magnitude in sub-areas A1–A7 (H = 150 µm). (c) Average total
force in each sub-area for different H. (d) Average X-direction force magnitude in each sub-areas for
different H.

3.4. Powder Spreading Process Optimization

Synthesizing the aforementioned effects of spreading speed and layer thickness on
powder bed quality, it can be summarized that these two parameters govern bed quality
through different dominant mechanisms: spreading speed primarily regulates the deposi-
tion efficiency of the upper powder and the degree of disturbance to the underlying powder
by influencing particle kinetic energy and the structure of the force chain network; layer
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thickness mainly controls the disturbance to the underlying powder by altering the effi-
ciency of downward driving force transmission. In studies on the spreading of functionally
graded materials, Wang et al. [28] also observed a similar phenomenon—higher spreading
speeds exacerbate the diffusion of heavier particles into the region of lighter particles.

In practical production, it is often desirable to use a higher spreading speed to achieve
greater productivity; however, a high spreading speed is detrimental to the formation of a
high-quality powder bed. The preceding analysis suggests that increasing layer thickness
can mitigate the adverse effects of high speed. To explore this trade-off, a simulation
was performed combining a relatively high speed (0.2 m/s) with a large layer thickness
(150 µm). The resulting powder bed is shown in Figure 17. A substantial amount of CuCrZr
is deposited, with a relatively uniform distribution. The CuCrZr particles predominantly
occupy the upper region (Z ≈ −50 to 0 µm). Some CuCrZr particles are found deeper
(−100 to −50 µm), intermixed with 316L SS, likely due to the higher kinetic energy at
increased speed driving deeper penetration. Nevertheless, the region above −50 µm is
almost exclusively CuCrZr, providing a relatively pure surface layer.

Figure 17. Powder bed particle distribution after spreading at v = 0.2 m/s and H = 150 µm. (a) Top
view. (b) XZ plane projection.

The corresponding quantitative analysis is presented in Figure 18. The overall relative
packing density reaches ~0.55, and the CuCrZr relative density is ~0.13. These values are
comparable to those achieved with the slower speed (0.1 m/s) and moderate layer thickness
(100 µm) combination (see Figure 14). Critically, the uniformity (indicated by the variation
in the spatial maps in Figure 18a,b) is excellent. This demonstrates that the combination
of higher speed and larger layer thickness can successfully reconcile the conflict between
productivity and bed quality, enabling efficient spreading while maintaining a high-quality
powder bed suitable for subsequent processing.
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Figure 18. Quantitative analysis of powder bed quality for v = 0.2 m/s, H = 150 µm. (a) Spatial map
of relative density for all particles. (b) Spatial map of relative density for CuCrZr-only.

4. Conclusions
This study developed a Discrete Element Method (DEM) model to simulate the powder

spreading process at a Z-direction heterogeneous material interface in multi-material laser
powder bed fusion. The effects of spreading speed and theoretical layer thickness on the
resulting powder bed quality were systematically investigated, leading to the following
key conclusions:

(1) During the powder spreading process over a heterogeneous bed, the underlying
powder particles, driven directly by the advancing upper powder and indirectly by the
blade, exhibit a characteristic unsteady “forward-surging and rearward-suppressing” mo-
tion. This dynamic, coupled with significant spatiotemporal fluctuations in inter-particle
force chains, leads to considerable randomness and inherent non-uniformity in the final
particle distribution within the powder bed.

(2) Spreading speed critically influences bed quality. Increasing the speed from
0.05 m/s to 0.15 m/s significantly reduces the relative packing density of the upper material
(CuCrZr) from ~0.11 to ~0.02 and also decreases the density of the underlying material
(316L SS) from ~0.42 to ~0.38. Higher speeds intensify particle collisions and momentum
transfer, enhancing the disturbance and entrainment of the underlying powder, which is
detrimental to forming a high-quality, uniform bed.

(3) Increasing the theoretical layer thickness effectively mitigates the mechanical dis-
turbance of the underlying layer. Raising the thickness from 50 µm to 150 µm increases
the relative packing density of CuCrZr from ~0.04 to ~0.21, while the underlying 316L
SS density remains stable (~0.38–0.41). A larger layer thickness provides ample deposi-
tion space for the incoming powder and, crucially, forms a thicker buffer zone between
the blade and the underlying layer, absorbing mechanical energy and promoting stable,
uniform deposition.

(4) The study demonstrates a viable strategy for process optimization. A combination
of a higher spreading speed (0.2 m/s) and a larger layer thickness (150 µm) achieves
an overall relative packing density of ~0.55 and a CuCrZr density of ~0.13, with spatial
uniformity. This configuration successfully balances the competing demands of high
spreading efficiency and superior powder bed quality, offering a practical reference for
optimizing multi-material laser powder bed fusion processes.
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