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Abstract

Metal-polymer hybrid structures can be fabricated by integrating powder bed
fusion (PBF) and vat photopolymerization (VPP) additive manufacturing, in which
a photopolymer is infiltrated and cured within metal lattice structures through
extended UV exposure. This study examines how the lattice interlocking geometry
influences local curing behavior and the tensile performance of hybrid structures.
Four lattice geometries, simple cubic (SC), face-centered cubic (FCC), body-centered
cubic (BCC), and pyramid, were comparatively investigated. Indirect curing enabled
polymer solidification within optically shielded lattice regions, but the curing level
decreased with increasing distance from the incident surface, resulting in geometry-
dependent microhardness distributions. Tensile behavior also depended strongly on
lattice geometry: FCC and BCC showed the highest maximum loads of 1,115 and
1,111 N, respectively, whereas SC and pyramid exhibited lower values of 834 and
742 N, respectively. Fracture observations indicated that FCC and BCC promoted
more tortuous crack paths through inclined or diagonal struts, while SC and pyramid
provided less favorable fracture routes and lower resistance. These results show that
lattice geometry governs the tensile performance of PBF-VPP metal-polymer hybrid
structures by influencing both curing distribution and fracture path.

Keywords: Vat photopolymerization; Powder bed fusion; Metal-polymer hybrid
structures; Mechanical interlocking; Tensile behavior

1. Introduction

Metal-polymer hybrid structures have attracted increasing attention because they
can combine the high strength and stiffness of metals with the low density, processing
flexibility, and functional versatility of polymers. In such systems, interfacial design is
a key factor, as the large mismatch in mechanical and thermal properties of metals and
polymers often limits load transfer and structural reliability. Mechanical interlocking has
therefore been regarded as an effective strategy for improving metal-polymer joining
performance, since the interfacial geometry can directly influence polymer infiltration,
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local stress transfer, and crack propagation.’’* However,
conventional joining methods have limited capability
to fabricate complex three-dimensional interlocking
architectures with well-controlled internal geometry.

Additive manufacturing offers a promising route to
overcome this limitation by enabling the direct fabrication
of complex metallic interlocking structures that are difficult
to realize by conventional machining or joining methods.
Previous studies have demonstrated hybrid metal-polymer
fabrication through combinations of metal and polymer
additive manufacturing processes and have shown
that interlocking geometry can strongly affect joining
performance."'* Among polymer additive manufacturing
techniques, vat photopolymerization (VPP) is particularly
attractive because of its high dimensional resolution and
suitability for fabricating fine structural features.'*'® In
addition, prolonged light exposure in VPP can induce
indirect curing in partially shielded regions through light
transmission and scattering.’**® Although this over-curing
behavior is often considered a source of dimensional
inaccuracy, it can also be utilized to infiltrate and solidify
polymer within internal metallic structures.

Based on these characteristics, this study proposes
an integrated manufacturing approach in which a metal
lattice is first fabricated by powder bed fusion (PBF),
followed by polymer filling through the over-curing
behavior of VPP. This approach enables integrated
metal-polymer hybrid structures to be fabricated within
a single additive manufacturing workflow. Owing to the
high resolution of VPP and the structural reinforcement
provided by metallic lattices, such structures have potential
for lightweight, high-precision engineering components
with complex geometries in aerospace, automotive, and
marine applications. The aim of this study is to clarify how
lattice geometry affects indirect curing distribution, tensile
performance, and fracture path in integrated PBF-VPP
hybrid structures, and to identify the geometric features
favorable for mechanically interlocked metal-polymer
interfaces.

2. Methods

Metal-polymer hybrid structures were fabricated through
a sequential combination of PBF and VPP additive
manufacturing processes. The overall fabrication concept
and the investigated lattice geometries are shown in Figure
1. Figure la schematically illustrates the over-curing-
based filling process employed in this study. The three
VPP curing stages represent the progressive expansion of
the cured polymer region within the metallic lattice under
extended UV exposure. Three-dimensional models were
designed using CATIA V5 (Dassault Systémes, France)

and converted into STL files. Metal lattice structures were
fabricated from SUS630 (17-4PH) stainless steel powder
using an SLM 280 V2.0 system (SLM Solutions, Germany).
The main PBF parameters were a laser power of 200 W, a
scanning speed of 800 mm/s, a hatch distance of 120 pm,
and a layer thickness of 30-60 pm. The powder particle size
ranged from 10 to 45 pum.

The polymer component was fabricated using a
bottom-up, masked stereolithography-based VPP system
(Phenom Forge, Peopoly Inc., Hong Kong) equipped with
a 405 nm UV light-emitting diode (LED). A commercially
available photocurable resin, Resione M58 (Dongguan
Godsaid Technology Co., Ltd., China), was used. The
normal layer thickness and exposure time were 50 um and
2.5 s. To induce polymer infiltration into the internal lattice
region, the PBF-fabricated metal structures were immersed
in the liquid resin and exposed to UV light for an extended
duration. This prolonged exposure promoted indirect
curing in optically shielded regions through transmitted
and scattered light, enabling resin solidification within the
metal lattices. After the infiltration step, the VPP process
was continued to complete the polymer region of the
hybrid tensile specimen.

The simple cubic (SC), face-centered cubic (FCC), body-
centered cubic (BCC), and pyramid lattices investigated
in this study were designed to possess the same relative
densities by adjusting the strut diameter of each geometry,
thereby enabling a fair comparison of geometry-dependent
effects, as shown in Figure 1b. The unit-cell size was fixed
at 1 mm for all cases. Hybrid tensile specimens were
designed on the basis of ASTM D638 Type I geometry with
reduced overall dimensions, and the metal interlocking
region consisted of a 6 x 6 array of unit cells, resulting in a
square area of 6 x 6 mm?. The fabricated hybrid specimens
and representative cross-sectional observations are shown
in Figure 2. In the study, cross-sectional images were
observed using an optical microscope (OM; VHX-7000,
KOREA KEYENCE Co., Ltd., Korea). Tensile tests were
conducted using a universal testing machine at a crosshead
speed of 2 mm/s, and microhardness measurements were
carried out to evaluate the depth-wise curing distribution
of the infiltrated polymer within the metal lattices.

3. Results and discussion
3.1. Fabrication of hybrid structures

The integrated fabrication process successfully produced
hybrid metal-polymer tensile specimens for all
investigated lattice geometries. As shown in Figure 2a,
the metal holder, PBF-fabricated lattice, and VPP-printed
polymer region were integrated into a single specimen.
Cross-sectional observations in Figure 2b confirmed that
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Figure 1. Schematic illustration of the integrated powder bed fusion (PBF)-vat photopolymerization (VPP) process and investigated lattice interlocking
geometries. (a) Fabrication concept of the metal-polymer hybrid structure, in which a metal lattice was first produced by PBE, followed by photopolymer
infiltration and indirect curing through extended UV exposure during VPP. (b) Unit-cell geometries investigated in this study: simple cubic (SC), face-

centered cubic (FCC), body-centered cubic (BCC), and pyramid.

the photopolymer filled the internal spaces of the metal
lattices in all cases, indicating that the selected over-curing
condition was sufficient to form the interlocking hybrid
structure. These results demonstrate that indirect curing
during VPP, primarily driven by light scattering within the
photopolymer, can be utilized to fabricate mechanically

interlocked hybrid interfaces within PBF-produced metal
lattices.”**

3.2. Geometry-dependent curing distribution

The curing state within the interlocking region was strongly
dependent on lattice geometry. As shown in Figure 3, the
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Figure 2. Fabricated hybrid tensile specimens and representative cross-sectional observations of the interlocking region. (a) Overall views of the metal—
polymer hybrid tensile specimens fabricated by the integrated powder bed fusion (PBF)-vat photopolymerization (VPP) process. (b) Cross-sectional
images of the interlocking region, showing polymer filling and curing within the internal spaces of the PBF-fabricated metal lattices for all investigated
geometries.

Abbreviations: BCC: Body-centered cubic; FCC: Face-centered cubic; SC: Simple cubic.
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depth-wise microhardness of the infiltrated photopolymer
decreased with increasing distance from the incident
surface in all geometries. Because the mechanical response
of photocurable resins is closely related to the local extent
of polymerization, the measured hardness gradient can
be interpreted as evidence of a non-uniform curing state
within the lattice. This tendency indicates that the effective
optical energy delivered into the interlocking region
decreased with depth due to the progressive attenuation
of incident light within the metallic structure. Although
microhardness does not directly quantify the degree of
conversion or interfacial bonding state, it is widely used
as a practical indicator of curing behavior in photocurable
resins because it reflects the evolution of polymer network
formation driven by over-curing and the resulting increase
in degree of conversion. Therefore, the measured hardness
distribution was used in this study as a practical indicator
of the spatial variation in curing effectiveness within the
lattice.>?

The hardness distributions further showed that the
curing behavior was not governed solely by the exposure
condition, but also by the three-dimensional topology of
the lattice. Although all specimens were processed under
identical irradiation conditions, the SC, FCC, BCC,
and pyramid geometries exhibited different depth-wise
hardness profiles. This result indicates that the internal

arrangement of the metallic struts modified the local
optical shielding condition and, consequently, the spatial
distribution of curing within the polymer-filled region.
Therefore, the effective curing state was controlled not
only by the nominal exposure parameters, but also by
the geometry-dependent light paths available within each
lattice.

This geometry-dependent curing distribution is
mechanicallyimportantbecause tensileload was transferred
through a polymer phase constrained within the metallic
interlocking structure. Under such conditions, non-
uniform curing is expected to generate spatial variations in
local stiffness and fracture resistance within the polymer-
filled region. Therefore, the mechanical performance of the
present hybrid structures should be interpreted not only
in terms of whether polymer infiltration was achieved, but
also in terms of how uniformly a mechanically effective
polymer phase was established within the lattice. From this
perspective, the curing gradient shown in Figure 3 provides
a mechanistic basis for understanding the geometry-
dependent tensile and fracture behavior discussed in the
following sections.

3.3. Geometry-dependent tensile behavior

The tensile response of the hybrid structures showed a
pronounced dependence on lattice geometry, as presented

Figure 3. Geometry-dependent microhardness distributions of the infiltrated photopolymer within the metal lattices. The depth-wise hardness profiles
show that the local curing state decreased with increasing distance from the incident surface and varied depending on lattice geometry, indicating non-

uniform curing behavior within the interlocking region.
Abbreviations: BCC: Body-centered cubic; FCC: Face-centered cubic.
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in Figure 4a and 4b. FCC and BCC exhibited the highest
maximum loads, 1,115 and 1,111 N, respectively, whereas
SC and pyramid showed lower values of 834 and 742 N,
respectively. In addition, FCC and BCC sustained tensile
loads comparable to those of the polymer reference
specimens with the corresponding geometries, while SC
and pyramid showed a more substantial reduction in load-
carrying capacity. FCC and BCC achieved maximum loads
comparable to those of the polymer-only specimen while
sustaining large tensile displacements through effective
load transfer within the metallic interlocking structure. The
polymer-only specimen exhibited continuous deformation

associated with the intrinsic viscoelastic behavior of
the cured resin. These results indicate that the tensile
performance of the hybrid structures was governed not
simply by polymer filling, but also by the extent to which
the lattice geometry enabled efficient load transfer and
resisted crack propagation within the interlocking region.

The geometric indicators summarized in Figure 4c help
to interpret this tendency, although they do not directly
determine tensile performance. The investigated lattices
were designed to have comparable polymer-filled volume
fractions (p = 79.8-80.6%), whereas the indirectly cured
area fractions (p = 15.6-43.1%) and the projected metal

Figure 4. Geometry-dependent tensile behavior of the hybrid structures. (a) Load-displacement curves of the hybrid specimens and polymer-only
specimens with the corresponding lattice geometries. (b) Comparison of the maximum tensile loads for simple cubic (SC), face-centered cubic (FCC),
body-centered cubic (BCC), and pyramid. (c) Geometric indicators of the lattice structures, including the volume fraction of the indirectly cured region

and the projected metal surface fraction at the incident surface.
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surface fractions (S = 34.5-50.8%) varied significantly
depending on the lattice geometry. This result suggests
that no single geometric metric alone is sufficient to
explain the observed tensile behavior. Instead, the load-
carrying capacity was governed by the combined effects of
local curing effectiveness and geometry-dependent crack-
path control. Accordingly, the load-carrying capacity was
enhanced when the lattice architecture provided effective
load-transfer paths and resistance to crack propagation
through the interlocking region.

From this perspective, the superior performance
of FCC and BCC can be attributed to their inclined or
diagonal strut networks, which provided greater resistance
to direct crack propagation during tensile loading. The
lower maximum loads observed for SC and pyramid
indicate that tensile resistance was strongly influenced

by crack-path control and load-transfer efficiency. These
results demonstrate that the tensile behavior of the present
hybrid structures was governed by the combined effects of
local curing effectiveness and lattice topology.

3.4. Fracture behavior of the hybrid interface

Fractographic observations revealed that the failure
behavior of the hybrid specimens was strongly governed
by lattice geometry. Fracture characteristics were
identified directly from the exposed metal lattice on the
fracture surface, supported by cross-sectional OM of
sectioned specimens. As shown in Figure 5a, the fracture
did not propagate along a single planar interface in any
of the investigated specimens. Instead, the crack path
was constrained by the three-dimensional topology of
the metallic interlocking structure, resulting in distinct

Figure 5. Geometry-dependent fracture behavior of the hybrid interfaces after tensile testing. (a) Representative side and top views of the fractured hybrid
specimens, showing that the fracture morphology varied with lattice geometry. (b) Cross-sectional observations of the fracture paths in the interlocking
region, indicating that face-centered cubic (FCC) and body-centered cubic (BCC) promoted more tortuous crack propagation, whereas simple cubic (SC)
and pyramid provided less favorable fracture routes. Scale bars: 2 mm; magnifications: 50x.
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fracture morphologies for SC, FCC, BCC, and pyramid.
These results demonstrate that the tensile performance
of the present hybrid structures is governed by geometry-
controlled crack propagation within the interlocking
region.

The cross-sectional fracture paths shown in Figure
5b further clarify the origin of the geometry-dependent
tensile response. In the FCC and BCC structures, crack
propagation was repeatedly deflected by inclined or
diagonal struts, leading to a more tortuous fracture path
through the interlocking region. Such a crack path is
expected to increase the effective propagation length and to
suppress direct interfacial separation under tensile loading.
This geometry-induced crack deflection is considered the
primary reason why FCC and BCC exhibit higher load-
carrying capacity than SC and pyramid. The present
tendency is consistent with previous studies showing that
structured interfaces can improve mechanical resistance
by increasing crack-path complexity and delaying unstable
separation.’*>?

By contrast, the SC and pyramid geometries exhibited
lower resistance to crack propagation, although the
underlying reasons differed. In the SC structure, the
predominance of vertical struts provided a relatively direct
fracture path once local damage was initiated, thereby
limitingthe extentof crack deflection withintheinterlocking
region. This structural characteristic is considered to have
reduced resistance to crack propagation and contributed
to the lower tensile performance of SC. In the pyramid
structure, fracture propagated preferentially along the
inclined lattice surfaces and developed in a region located
farther from the incident surface. As discussed in Section
3.2, the deeper region of the lattice showed a lower local
curing state, as inferred from the reduced microhardness.
Therefore, the inferior tensile performance of the pyramid
specimen is attributed not only to its comparatively direct
propagation path, but also to fracture development within
a mechanically less effective polymer region.

Overall, these results demonstrate that the fracture
resistance of the present hybrid interfaces was governed by
the combined effects of lattice topology and local curing
distribution. In particular, the results highlight that an
effective interlocking geometry should not only ensure
polymer infiltration but also promote crack-path deflection
and prevent fracture from localizing in insufficiently cured
regions of the interlocking structure.

4, Conclusion

This study demonstrated that integrated PBF-VPP additive
manufacturing can produce mechanically interlocked
metal-polymer hybrid structures by curing photopolymer

within PBF-fabricated metal lattices through extended
UV exposure. Lattice geometry strongly affected the
local curing distribution, tensile load-carrying capacity,
and fracture path of the hybrid structures. FCC and BCC
structures exhibited superior tensile properties due to their
inclined and diagonal strut architectures, which promote
crack deflection and distributed load transfer. In contrast,
SC structures facilitated more direct fracture paths, while
pyramid structures experienced fracture initiation in
deeper, less effectively cured regions, leading to reduced
performance. These results indicate that the key geometric
feature governing mechanical performance is the ability to
control crack-path tortuosity while maintaining fracture
within sufficiently cured regions. In particular, inclined
and diagonally connected strut networks are identified as
beneficial design features for enhancing fracture resistance
in hybrid lattices. Overall, the tensile behavior is governed
primarily by lattice geometry, while polymer curing
heterogeneity plays a secondary role in modulating local
fracture behavior.
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