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Abstract

Honeycomb sandwich structures (HSS) have attracted increasing attention for blast
protection because of their lightweight characteristics, high specific strength, and
excellent energy absorption capacity; however, the near-field blast response and
component-level energy absorption mechanisms of integrated metal-polymer
honeycomb structures remain insufficiently understood. In this study, a blast-
resistant HSS fabricated by selective laser melting (SLM) using 316L stainless steel
and filled with polyurethane (PU) was designed and experimentally investigated
under near-field explosion loading. Three scaled distances of Z=0.1315, 0.1972, and
0.2630 m+kg~"”* were tested to evaluate the blast resistance and energy absorption
characteristics of the PU-filled SLM HSS compared with an equivalent areal-density
solid plate. The mechanical tests were conducted on SLM-fabricated 316L stainless
steel, and the Johnson-Cook constitutive parameters were calibrated from the
measured stress—strain responses. A coupled fluid-structure interaction numerical
model based on the S-ALE algorithm in LS-DYNA was established and validated
against experiments. Results show that the PU-filled HSS exhibits markedly smaller
back-face deflection and improved blast resistance compared to the solid plate. At
the closest stand-off distance, the back-face residual deflection of the HSS decreased
by 20.4%, indicating that the honeycomb core and PU filling effectively attenuate
transmitted impact energy. Across the tested stand-off distances, the honeycomb
core and PU filling contributed 44.6-46.3% and 22.7-25.5% of the total absorbed
energy, respectively. The combined mechanisms of plastic buckling, viscoelastic
dissipation, and micropore compression endow the composite core with superior
energy absorption efficiency and structural integrity under extreme loading. This
study provides an effective design strategy for lightweight, high-performance blast-
resistant sandwich structures.

Keywords: Honeycomb sandwich structure; Selective laser melting; Polyurethane; Wave
propagation; Mechanical response
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1. Introduction

Honeycomb sandwich structures (HSS) are widely applied
in aerospace, aviation, marine, and automotive industries
due to their high specific strength, excellent sound and
vibration insulation, superior impact resistance, and
remarkable energy absorption capability.! A typical HSS
configuration consists of two face sheets and a central
honeycomb core, where both the face sheets and core
can be fabricated from various materials such as metals,
ceramics, or composites.** The core layer can be designed
in lattice, grid, or even auxetic configurations.>” The high
customizability of both materials and architectures enables
HSS to demonstrate great potential in explosion protection
and energy absorption applications.

In recent years, extensive research has been conducted
on the dynamic response of metallic sandwich structures
under explosive loading. Dharmasena et al® carried
out air-blast experiments on stainless steel honeycomb
sandwich plates and found that the back-face deflection
decreased to 40% of that of a solid plate at low impulse
levels, indicating that the honeycomb core can effectively
mitigate shock transmission. Yungwirth et al’ reported
that the transmitted shock intensity of a pyramidal lattice-
core sandwich panel was reduced by approximately 28%
compared to an equal-areal-density solid plate, further
verifying the advantage of honeycomb structures in
attenuating impact loads. Bohara et al.' designed a dual-
mechanism auxetic sandwich structure that absorbed 2.69
times more energy and produced nearly 50% less residual
back-face deflection under blast loading, demonstrating
the superior protective performance of novel porous
cores. Yazici et al' and Alavi and Sadeghi'? further
confirmed the stable energy absorption performance of
polyurethane (PU)-filled metallic sandwich structures
under moderate to high strain-rate compression, showing
significant reductions in front- and back-face deflection
with only minor increases in overall mass. By combining
experimental tests and numerical simulations, Li et al.®
investigated the performance of graded foam sandwich
panels under combined loading conditions. They
found that the front face sheet is the key component for
dissipating kinetic energy, and that a low-high-medium
core gradient configuration most effectively enhances the
blast resistance of the structure. More recently, Pan et al.**
found that the energy absorption capacity of PU-filled
aluminum hemispherical sandwich panels increased by
about 22% compared to that of an equal areal density solid
plate, while stress concentration was alleviated.

Overall, metallic HSS can significantly enhance blast
resistance while maintaining lightweight characteristics.
These advantages mainly arise from three aspects: (i)

the fluid-structure interaction effect, which reduces the
momentum impulse transmitted to the structure; (ii) the
plastic energy absorbed during the crushing deformation
of the honeycomb core; and (iii) the increased bending
resistance provided by the sandwich configuration.”
However, conventional honeycomb structures may still
suffer from local buckling, core-face debonding, and other
failure modes under severe blast loading. Traditional foam
fillings generally provide weak lateral support to metallic
core webs, which leads to insufficient stabilization during
buckling and limits the overall integrity of the structure.'®"
Therefore, it is necessary to explore advanced honeycomb
designs and material selections to further improve blast
resistance.

Selective laser melting (SLM) technology, with its
high material utilization and excellent forming precision,
enables the integrated manufacturing of HSS, effectively
improving the insufficient face-core bonding strength.®
The mechanical properties of SLM-fabricated 316L
stainless steel exhibit directionality.’ This direction-
dependent behavior is often approximated as transverse
isotropy® because thermal gradients align with the
build direction, promoting epitaxial grain growth that
preferentially  orients  microstructural  features.?
Compared with conventional 316L alloys, SLM-fabricated
316L demonstrates relatively higher yield strength, mainly
due to the increased dislocation density* and the presence
of fine silicon particles throughout the microstructure.” By
adjusting printing parameters and scanning strategies, the
microstructure of the printed product can be intentionally
tailored, thereby modifying its final mechanical response
and failure behavior.?

Polyurethane possesses a highly tunable chemical
structure, and its supramolecular architecture formed
through hydrogen bonding and microphase separation
gives it a favorable combination of mechanical and
energy-dissipation properties. PU exhibits efficient
energy absorption, pronounced strain-rate sensitivity,
and strong compressibility under high strain rates, along
with partial reusability and structural integrity retention.
These characteristics make PU particularly suitable for
combination with metallic honeycomb frameworks to
significantly enhance the overall blast resistance.”* PU
elastomers, with their superior and adjustable elastic—
mechanical properties and fatigue resistance, are widely
used in protection and energy absorption applications.
Their energy absorption mechanisms mainly include two
aspects: on one hand, the polymer matrix dissipates energy
through chain disentanglement, breakage, and crack
propagation; on the other hand, closed-cell micropores
in the structure absorb energy via wall bending, buckling,
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collapse, and gas compression processes.’®*!

To study the blast-resistance mechanisms of protective
structures, accurate characterization of explosive loads is
essential. However, near-field blast-load measurements are
extremely challenging because detonations generate high
temperatures and pressures, high-velocity particle flow,
and electromagnetic interference within the fireball. These
factors can produce pronounced spatial nonuniformity
and stochastic fluctuations in the measured blast loads,
resulting in considerable data scatter. Consequently,
predictive models also show considerable uncertainty
within this range.*> At present, various empirical formulas
for air shock waves have been proposed by researchers
such as Henrych® and Brode,* though each has its own
applicable range, and substantial discrepancies remain,
especially under near-field explosion conditions.*®* For
scaled distances Z < 0.4 m-kg?, Shin et al.*’” and Karlos
et al*® combined numerical simulations to modify the
K-B model within 0.053 < Z < 0.40 m-kg™?, allowing
better characterization of near-field blast loads from
spherical charges. Xiao et al.* investigated the effects of
cylindrical charge properties—aspect ratio, orientation,
and initiation configuration—on blast load parameters
(peak overpressure and maximum impulse). The results
showed that for scaled distances less than 3.9 m-kg™'?, the
influence of charge geometry and initiation configuration
must be considered.

Despite the growing body of research on metallic HSS
and polymer-filled sandwich systems under blast loading,
important gaps still exist. Existing studies have mainly
focused on conventionally manufactured aluminum or
steel sandwich panels subjected to far-field or moderate
blast conditions, while the near-field blast resistance
of PU-filled 316L stainless steel honeycomb structures
fabricated by SLM has received extremely limited attention.
Moreover, although SLM enables the fabrication of
integrated face—core honeycomb structures with improved
interfacial integrity, the combined effects of SLM-fabricated
316L honeycomb cores and PU filling on blast mitigation
mechanisms, especially under close-in detonation, have
not been systematically investigated through coupled
experimental and numerical approaches. In particular, the
quantitative energy absorption contributions of individual
components in such integrated composite sandwich
structures remain insufficiently understood.

Therefore, in this study, honeycomb sandwich specimens
with integrated face-core structures were fabricated by
SLM using 316L stainless steel and subsequently filled with
PU. Near-field explosion experiments were conducted
at scaled distances of Z = 0.1315, 0.1972, and 0.2630
m-kg™”. In addition, the mechanical behavior of SLM-

fabricated 316L stainless steel produced with the same
processing route as the HSS specimens was experimentally
characterized, and the corresponding Johnson-Cook
parameters were calibrated to improve the reliability of
the numerical material description. Based on the S-ALE
algorithm in LS-DYNA, a numerical model describing
the “initiation-response—energy absorption” process of
the 316L stainless steel HSS under near-field blast loading
was established. The dynamic mechanical response,
energy absorption, and deformation mechanisms of the
HSS were analyzed to provide theoretical support for the
blast-resistant design of such structures. The novelty of
this work lies not only in the fabrication of an integrated
SLM 316L HSS filled with PU, but also in quantitatively
revealing the coupled metal-polymer energy absorption
mechanism under close-in blast loading, including the
respective energy contributions of the metallic honeycomb
core and PU filling.

2. Materials and methods

2.1. Honeycomb sandwich structure specimen
fabrication

In this study, an integrated honeycomb sandwich specimen
was fabricated using SLM. The overall dimensions of the
specimen are 286 mm x 286 mm x 13 mm, with a core
layer measuring 226 mm x 226 mm x 10 mm. The effective
blast-resistant area was designed as the central region
of 216.5 mm X 216.5 mm to eliminate boundary effects,
as illustrated in Figure 1. Both the front and back face
sheets are 1.5 mm thick, while the core consists of regular
hexagonal honeycomb cells with a wall thickness of 1 mm
and a side length of 5 mm. The schematic of the fabrication
procedure is shown in Figure 2A.

Both the raw powder and the specimens were prepared
by Tianjin LiM Laser Technology Co., Ltd (China). The
specimens were fabricated using a laser power of 325 W,
a scanning speed of 1,000 mm/s, a hatch spacing of 0.12
mm, and a layer thickness of 0.06 mm. A bidirectional
stripe scanning strategy with a stripe width of 10 mm was
employed with a 67° rotation between successive layers.
The feedstock powder had a particle size distribution
ranging from 15 to 53 pum, and its chemical composition
conformed to the Chinese national standard for 316L
stainless steel (GB/T 20878-2007). The build orientation
was aligned with the axial direction of the honeycomb cells.
After fabrication, the specimens were subjected to post-
processing heat treatment according to the manufacturer’s
standard procedure to relieve residual stresses. The
density of 316L stainless steel is 7.95 g/cm®. The fabricated
honeycomb panel is shown in Figure 2B.

The PU material was supplied by the School of Water
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Conservancy and Transportation, Zhengzhou University
(Zhengzhou, China), and consisted of two components,
Component A and Component B. Component A mainly
contains polymeric polyols and surfactants, whereas
Component B primarily consists of isocyanates and
plasticizers. At room temperature (24 °C), Components
A and B were mixed at a volume ratio of 1:1 and rapidly
stirred until a homogeneous mixture was obtained. The
mixture was then poured into the designated mold and
cured for 12 h to obtain a PU material with high molecular
weight and a certain degree of crosslinking. The cured PU
material was subsequently cut into hexagonal prisms for
filling (Figure 2A).* The PU filler was inserted into the
stainless steel honeycomb cells through an interference-
fit assembly, without the use of adhesives or additional
interfacial bonding materials. The density of the PU filling
is 1.08 g/cm>. As shown in Figure 2C, the PU filling used
in this study was an elastomer containing numerous
micropores with diameters ranging from several tens
to several hundreds of micrometers. These micropores
enabled energy absorption through cell-wall buckling,
collapse, and internal gas compression. The average areal
density of the HSS was 5.12 g/cm?, equivalent to that of
a 6.44 mm-thick 316L stainless steel solid plate. The front
face sheet, honeycomb core, PU filling, and back face sheet

accounted for 1.19 g/cm? (23.2%), 2.11 g/cm? (41.2%), 0.63
g/cm?® (12.3%), and 1.19 g/cm? (23.2%), respectively.

2.2, Near-field explosion experiment

The top and bottom face sheets of the HSS specimens were
extended and perforated, and spacers were placed between
them. In the case of the solid plate, the extensions were
added only along the outer edges, where perforations were
introduced for clamping. Each specimen was secured to
the test rig using a fixed frame. The explosive assembly
consisted of a cylindrical trinitrotoluene (TNT) charge
(Beijing Institute of Technology, China) and a No. 8
detonator (Beijing Institute of Technology, China). The
experimental setup is shown in Figure 3.

The cylindrical TNT charge had a density of
approximately 1.63 g/cm? a mass of 55 g, and a length-
to-diameter ratio of 1:1. Three stand-off distances (the
distance from the geometric center of the charge to the
specimen front surface) were tested: 50 mm, 75 mm, and
100 mm, corresponding to scaled distances of Z = 0.1315,
0.1972, and 0.2630 m-kg™", respectively. Test conditions
are abbreviated as “H50, “H75, “H100” for the HSS
specimens. Equivalent areal-density 316L stainless steel
solid plate control tests are labeled as “S50,” “S75,” “S100.
Six effective tests were performed in total.

Figure 1. Geometric configuration and dimensions of the honeycomb sandwich structure
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Figure 2. Fabrication procedure: (A) Schematic illustration of the fabrication procedure; (B) SLM-fabricated 316L stainless steel honeycomb structure; and

(C) optical image of the PU specimen

Abbreviations: HSS: Honeycomb sandwich structure; PU: Polyurethane; SLM: Selective laser melting.

To quantify the post-blast deformation, each specimen’s
front and back surfaces were scanned with a G5-630 3D
laser scanner (Guangzhou Shanchuang 3D Technology
Co., Ltd., China) for geometry reconstruction. Residual
deflection profiles along the blast centerline were extracted
for both the front and back surfaces. The blast centerline
direction is perpendicular to the honeycomb cell cross-
section. Finally, each specimen was sectioned along
the blast centerline for analyzing internal structural
deformation.

2.3. Mechanical tests of SLM 316L stainless steel

2.3.1. Quasi-static and high-strain-rate mechanical
testing

To obtain experimentally calibrated material parameters
for the subsequent numerical simulations, the mechanical
properties of SLM 316L stainless steel along the build

direction were characterized through quasi-static tensile
tests, room-temperature high-strain-rate compression
tests, and  elevated-temperature  high-strain-rate
compression tests.

The specimens used for the basic mechanical tests were
fabricated using the same SLM processing parameters
and post-processing heat treatment as the honeycomb
sandwich specimens and were subsequently machined
into the required geometries for quasi-static tensile and
dynamic compression tests.

The quasi-static tensile specimen and its detailed
dimensions are shown in Figure 4A. The quasi-static
tensile tests were conducted at a strain rate of 0.001 s
using a universal testing machine, as shown in Figure 4B.
The engineering stress—strain curves obtained from the
quasi-static tensile tests are provided in Figure Al. For the
dynamic compression tests, cylindrical specimens were
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Figure 3. Experimental setup for the near-field explosion tests: (A) Schematic of the experimental setup; (B) front and back photographs of the specimen
Abbreviation: TNT: Trinitrotoluene.

Figure 4. Basic mechanical testing of SLM 316L stainless steel: (A) Tensile specimen; (B) quasi-static tensile testing system; (C) cylindrical specimen for
dynamic compression tests; and (D) split Hopkinson pressure bar system
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used, as shown in Figure 4C. Room-temperature high-
strain-rate compression tests were performed using a split
Hopkinson pressure bar system, as shown in Figure 4D.
Different strain-rate loading conditions were obtained by
adjusting the incident gas pressure to 0.1 MPa, 0.2 MPa,
and 0.3 MPa, respectively. Elevated-temperature high-
strain-rate compression tests were conducted using a
heating furnace attached to the split Hopkinson pressure
bar system. The tests were performed at 200 °C and 400 °C
under an incident gas pressure of 0.1 MPa. For each testing
condition, three repeated tests were conducted to ensure
the reliability of the experimental results.

2.3.2. Calibration of Johnson-Cook constitutive
parameters

The strain-rate- and temperature-dependent plastic
behavior of the SLM 316L stainless steel was described
using the Johnson-Cook constitutive model. The flow
stress is expressed as follows:

a:(A+Bg;)[1+cm[2H{l—[g__? H (1)

where ¢ is the equivalent flow stress, ¢ is the equivalent
plastic strain, ¢ is the equivalent plastic strain rate,
and ¢ is the reference strain rate. A, B, and n represent
the initial yield stress, strain-hardening coefficient,
and strain-hardening exponent, respectively; C is the
strain-rate sensitivity coefficient, and m is the thermal-
softening exponent. T, Tr, and Tm are the current material
temperature, room temperature, and melting temperature,
respectively.

The Johnson-Cook constitutive parameters were
calibrated based on the quasi-static tensile tests, room-
temperature split Hopkinson pressure bar (SHPB)
compression tests, and elevated-temperature SHPB
compression tests. The overall experimental calibration
procedure is shown in Figure 5. The initial yield stress
parameter A was determined using the 0.2% offset method,
and the average yvield stress from three repeated tensile
tests was taken as A = 353.3 MPa. After yielding, the plastic
strain of each curve was shifted to zero at the corresponding
yield point, and the uniform plastic deformation stage was
selected for strain-hardening calibration. With A fixed,
the parameters B and n were obtained by nonlinear least-
squares fitting using all valid data points from the three
tensile curves. As shown in Figure 5A, the fitted strain-
hardening curve agrees well with the experimental data,
giving B = 1,067.4 MPa and n = 0.684, with a coeflicient of
determination of R* = 0.978.

The strain-rate hardening coefficient C was calibrated
using the room-temperature SHPB compression results.

For each impact pressure, the relatively stable and common
true plastic strain interval of 0.02-0.10 was selected. The
strain rate was first averaged within this interval for each
specimen and then averaged among repeated tests under
the same impact pressure. The representative strain rates
corresponding to impact pressures of 0.1, 0.2, and 0.3 MPa
were 1,584, 3,147, and 3,980 s™', respectively. Based on
the previously determined quasi-static strain-hardening
parameters and using the reference strain rate & = 1.0
x 107 s7!, C was obtained by least-squares fitting of the
normalized flow stress. As shown in Figure 5B, the flow
stress increases with increasing strain rate, and the fitted
strain-rate hardening coeflicient was C = 0.0526.

The thermal-softening exponent m was further
determined from the elevated-temperature SHPB
compression tests conducted at 200 and 400 °C under an
impact pressure of 0.1 MPa. For each temperature, three
repeated tests were interpolated and averaged pointwise
within the common true plastic strain interval of 0.02-0.10.
The complete Johnson-Cook model was then used with T,
=24°Cand T = 1,400 °C, while the previously calibrated
parameters A, B, n, and C were kept fixed. As shown in
Figure 5C, the flow stress decreases substantially with
increasing temperature, indicating the thermal softening
behavior of SLM 316L stainless steel. The exponent m was
obtained by least-squares fitting of the thermal-softening
term, giving m = 1.4628.

2.4. Numerical model
2.4.1. S-ALE model

A numerical model of the dynamic response of the
PU-filled 316L stainless steel HSS under blast loading was
developed using the S-ALE algorithm in the commercial
finite-element code LS-DYNA, as shown in Figure 6. A one-
quarter symmetric model (1/4 symmetry) was used. The
model describes the entire process from charge detonation
to HSS response to structural energy absorption.

The detailed geometry of the clamping fixture was
not explicitly modeled. Instead, the blast-effective region
corresponding to the experiments was modeled, and the
plate edges were fully constrained to represent the clamped
boundary condition. For the air domain, dimensions of 60
mm x 60 mm x 150 mm were used for the 50 mm and 75
mm stand-off cases, and 60 mm x 60 mm x 200 mm for the
100 mm stand-off case.

In the geometric model, the HSS was represented
as solids using the LS-DYNA solid element type 164
and placed in the Lagrangian domain. The air domain
and the explosive after detonation were treated as fluids
and therefore modeled with Eulerian formulations.
The cylindrical charge (®35 mm x 35 mm) was defined
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Figure 5. Experimental calibration procedure of the Johnson-Cook constitutive model for SLM 316L stainless steel: (A) Quasi-static tensile response and
strain-hardening fit, (B) averaged dynamic compressive responses at different strain rates, and (C) averaged temperature-dependent dynamic compressive
responses at an impact pressure of 0.1 MPa
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using *INITIAL_VOLUME_FRACTION_GEOMETRY
(volume-filling method).

All six degrees of freedom of the HSS boundary nodes
were fully constrained at the plate edges. Symmetry
boundary conditions were applied on the XY and YZ
symmetry planes. Non-reflecting boundary conditions
(*BOUNDARY_NON_REFLECTING) were used on
the air domain boundaries to simulate free outflow of
detonation products.

To prevent penetration and other nonphysical
behavior during large deformation, contact definitions
were specified between the different components of the
HSS. The contact between the honeycomb cell walls
and the face sheets was modeled using *CONTACT _
ERODING_SURFACE_TO_SURFACE. The self-contact
of the honeycomb walls was defined using *CONTACT _
ERODING_SINGLE_SURFACE. The contact between
the PU filling and the metallic honeycomb walls was also
modeled using *CONTACT_ERODING_SURFACE_TO_
SURFACE, and the interior contact of the PU was defined
using *CONTACT _INTERIOR. All contact formulations
were based on penalty algorithms and were applied
consistently over the entire HSS region.

To determine an appropriate air mesh size, three
element sizes (0.5 mm, 0.75 mm, and 1.0 mm) were
tested. Pressure histories were extracted from air elements
located 1.5 mm above the center of the front surface. The
resulting pressure-time traces are shown in Figure 7.
Two characteristic pressure peaks were identified on each
curve: the first peak corresponds to the incident pressure,
while the subsequent larger peak corresponds to the
reflected pressure produced by the interaction of the blast
wave with the HSS surface. At approximately 150 us, the
pressure has nearly recovered to the initial ambient level,
indicating that the fluid-structure interaction stage is

almost complete. The 0.5 mm and 0.75 mm meshes yielded
comparable reflected pressure responses, whereas the 1.0
mm mesh exhibited slightly lower peak values. Since the
reflected pressure has a greater influence on the overall
structural response, it was used as the main criterion for
mesh convergence evaluation. The reflected peak pressures
obtained with different mesh sizes at the stand-off distance
of 50 mm, along with the relative deviation referenced to
the 0.75 mm mesh, are summarized in Table 1. The results
for the 0.75 mm mesh at stand-off distances of 75 mm
and 100 mm are also included for comparison. Therefore,
balancing accuracy and computational efficiency, a 0.75
mm mesh was selected for the subsequent numerical
model.

2.4.2. Material models
(a) 316L stainless steel

The 316L stainless steel used as the main structural material
of the HSS was modeled using *MAT_JOHNSON_COOK
in LS-DYNA, together with the equation of state *EOS_
GRUNEISEN. The Johnson-Cook parameters calibrated
in Section 2.3.2 were directly adopted in the numerical
model, ensuring consistency between the material
characterization and blast simulations. The equation of
state *EOS_GRUNEISEN is used to describe the pressure
of compressible materials. The specific form of the pressure
definition is as follows:

Cult+|1-2Lo ]y -2 2
P ou{ [ zju SH

2
U u
1-(S,-1)u-S,+—-5
( 1 ),U zy+1 3('u+1)z

P= +(y,+au)E (2)

w

where E is the internal energy per initial volume, C, is
the intercept of the v -v, curve, which represents the bulk

Figure 6. Schematic of the S-ALE model geometric configuration and boundary settings
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Figure 7. Pressure-time history extracted 1.5 mm in front of the front-surface center at a stand-off distance of 50 mm, together with pressure contours at

the corresponding times

speed of sound. S, S, and S, are coefficients for the slope
of the v-v_curve, y, is the Gruneisen constant, y = p/p,
- 1, where p, and p are the initial and current material
densities, respectively. a is the first-order volume correction
coefficient for y,. The specific values of the aforementioned
parameters are given in Table 2.

Table 1. Effect of mesh size on reflected peak pressures

Mesh Reflected Relative

z

Stand-off/mm (m-kg %) size/ peak pressure  deviation
mm (MPa) (%)
0.50 1,771.1 0.8

50 0.1315 0.75 1,757.2 0.0
1.00 1,297.1 -26.2

75 0.1972 0.75 1,131.9 -

100 0.2630 0.75 762.8 -

(b) Air

In the numerical model, air was treated as an ideal gas,
defined using the constitutive material model *MAT_
NULL, and the equation of state *EOS_LINEAR_
POLYNOMIAL was selected.

P=C+Copu+Cypt* +(Cy+Copt+ Coyi* ) E, 3)

In Equation 3, P is the air pressure, u = p/p, —1,C, =C

2

=C,=C,=0,C,=C =y- 1. yis the specific heat ratio of
the gas. E, is the initial internal energy per unit volume of
air, taken as 0.25 MPa.

(c) Trinitrotoluene

Trinitrotoluene explosive was defined and described using
the *MAT HIGH_EXPLOSIVE_BURN model, and the
equation of state *EOS_JWL was selected, expressed as
follows:

_Ripy _Rypy

P:a[l— “p je 4 +b{1— “op ]e ? +wpE (4)
Rlp(l Rzpo

In Equation 4, P is the detonation pressure, p, is the
density of the detonation products, p is the density of the
explosive itself, E is the internal energy per unit mass of
the explosive, and a, b, R, R, and w are characteristic
parameters of the explosive. The material model parameters
and equation of state parameters used in this study are
listed in Table 2.

(d) Polyurethane

The *MAT_CRUSHABLE_FOAM model was selected to
describe the PU. This model is used to represent crushable
foams with damping. The unloading process is fully elastic,
and the transition at the stress cutoff is defined from elastic
to fully plastic behavior. Its parameters: density p = 1.08 g/
cm’, Poisson’s ratio v = 0.2, and a damping coefficient of
0.5. The PU material behavior was defined based on the
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experimentally measured uniaxial compression stress-
strain curve (Figure A2).

2.4.3. Numerical validation

To validate the accuracy of the numerical model, the
residual deflection profiles along the blast centerline
were compared between the experimental and simulated
results at stand-off distances of 50 mm, 75 mm, and 100
mm, as shown in Figure 8. Overall, the numerical results
reproduce the main deformation characteristics observed
in the experiments, including the peak position near the
blast center, the symmetric deflection profile along the
centerline, and the decreasing residual deflection with
increasing stand-oft distance. Although the simulation
slightly overestimates the central deflection at the 50 mm
stand-off distance, the predicted curves show acceptable
agreement with the experimental profiles for all three
loading conditions.

Furthermore, the maximum residual deflections along
the blast centerline were quantitatively compared, as
summarized in Table 3. The relative errors between the
experimental and numerical results are within 14% for
all stand-off distances. Considering the inherent scatter
of near-field blast experiments, as well as the fact that
the Johnson-Cook parameters used in the model were
independently calibrated from basic mechanical tests
rather than adjusted according to the blast results, the
present numerical model can be considered reliable for
capturing the dynamic response and deformation trend of
the PU-filled HSS under near-field blast loading.

3 Results
3.1. Deformation patterns

Figure 9 presents the front-face morphologies of the HSS
and the equal-areal-density solid plate after exposure to
near-field blast loading at different stand-off distances.
Jacob et al.*® classified the deformation and failure modes
of low-carbon steel plates subjected to explosive loading
based on the degree of load localization and target response
characteristics. These modes include: Mode I, large plastic
deformation; Mode II, tensile tearing at the boundary;
Mode III, transverse shear failure at the boundary; Mode
IT*c, localized tearing in the central region; Mode II ¢,
complete tearing in the central region; and Petalling, petal-
shaped tearing.

In this study, both the HSS and solid plate exhibited
typical Mode Ilocalized plastic deformation characteristics,
with damage mainly concentrated in the region near the
projection of the explosion center. For the HSS, the front
face sheet experienced localized indentation under blast
impact because the cell openings provided nonuniform
support between adjacent honeycomb walls. Additionally,
several erosion pits were observed on the front surfaces of
both specimen types, as highlighted in the magnified inset
circles.

Figure 10 shows the back-face morphologies of the
HSS and the equal-areal-density solid plate after exposure
to near-field blast loading at different stand-off distances.
No obvious damage was observed on the back surfaces
of any specimen, and the degree of bending deformation

Table 2. Parameters of the material constitutive model and equation of state used in this simulation*"*?

Material Parameters
p (g-em™) E (GPa) v A (MPa) B (MPa)
7.95 195 0.25 353.3 1,067.4
T (K) T, (K) n c é(s™)
316L stainless steel
297 1,673 0.684 0.0526 1.0 x 1073
C, (m-s™) S, S, S, Yo «
4,578 1.36 0 1.67 0.45
p (g-em™) V, (m-s™) P, (GPa) a (GPa) b (GPa)
1.63 6930 21 373.8 3.75
Trinitrotoluene
R, R, W
4.15 0.9 0.35
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Figure 8. Experimental and numerical residual deflection curves along the blast centerline

Abbreviations: EXP: Experimental result; SIM: Simulation result.

decreased with increasing stand-off distance. At the same
distance, the HSS exhibited substantially smaller back-face
deformation compared to the solid plate. For the equal-
areal-density solid plates at stand-off distances of 50 mm
and 75 mm, pronounced overall bending deformation of
the back surface was observed.

Table 3. Comparison of experimental and numerical
maximum residual deflections along the blast centerline
under different stand-off distances

fl;:gil_coefimm) EXP (mm) SIM (mm) relative error (%)
50 11.7 13.3 13.7
75 7.9 8.5 7.6
100 4.6 4.4 -4.3

Abbreviations: EXP: Experimental result; SIM: Simulation result.

Figure 11A and 11B illustrate the cross-sectional
morphologies of the HSS and the solid plate along the blast
centerline under three different stand-off distances. For the
HSS, the core layer underwent progressive honeycomb cell
collapse, with evident buckling and folding of the cell walls.
At the central cells, the front face sheet was severely folded
into the core layer, exhibiting pronounced localized plastic
deformation. In contrast, the solid plate mainly dissipated
energy through global bending deformation, indicating

relatively weaker local load dispersion capability.

These morphological comparisons demonstrate that
the introduction of the honeycomb core and PU filling
enables effective load dispersion and transforms global
bending deformation into localized energy absorption
through the plastic deformation of the core and the
compressive deformation of the filling. Consequently, the
structure’s blast resistance under a near-field explosion is
markedly enhanced, with the PU filling providing excellent
structural support.

As the stand-off distance increases from 50 mm to 100
mm, the indentation depth on the HSS front face sheet
markedly decreases, and the bending deformation of the
solid plate also becomes markedly smaller. This trend
indicates that the intensity of the blast wave propagating
through the air attenuates rapidly with distance, thereby
reducing the loading intensity acting on the structures.

Figure 11C and 11D show the residual deflection
profiles, quantitatively reflecting the deformation
differences described above. The curves clearly reveal the
indentation pattern of the HSS front surface along the
blast centerline, as well as the substantially smaller back
surface deflection compared to the solid plate at the same
stand-off distance. The deflection curve of the solid plate is
smooth, whereas that of the HSS exhibits a serrated shape
corresponding to the deformation characteristics of its
porous core structure.

Table 4 compares the maximum residual deflection

Volume 5 Issue 3 (2026)

12

doi: 10.36922/MSAM025480112


https://doi.org/10.36922/MSAM025480112

Materials Science in Additive Manufacturing Blast resistance of PU-filled HSS

Figure 9. Front surface photographs of six specimens: (A) H50, (B) S50, (C) H75, (D) S75, (E) H100, (F) S100. Scale bars: Left: 100 mm; right: 10 mm.

Figure 10. Back surface photographs of six specimens: (A) H50, (B) S50, (C) H75, (D) S75, (E) H100, (F) S100. Scale bars: Left: 100 mm; right: 10 mm.
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along the blast centerline between the HSS and the solid
plate. At a stand-off distance of 50 mm, the front-face
deflection of the HSS is slightly smaller than that of the
solid plate, while at 75 mm and 100 mm, the maximum
front-face deflection of the HSS becomes slightly larger,
indicating a deeper local indentation of the front-face sheet.
However, the back-face deflections of the HSS are smaller
than those of the solid plate at all stand-oft distances.

In particular, at stand-off distances of 50 mm and
100 mm, the residual deflection at the center of the HSS
back face is reduced by 20.4% and 19.3%, respectively,
compared with the solid plate. This result demonstrates
that the honeycomb core and the PU filling effectively
attenuate the transmission of impact energy to the back
face through compressive deformation. As one of the
most critical indicators for evaluating the blast resistance
of a structure, the smaller maximum back-face deflection
clearly confirms the superior blast-resistant performance
of the HSS.

3.2. Structure response

Figure 12 shows the von Mises stress contours of the HSS
structure at different stand-off distances and various time
instances. The four selected moments correspond to: the

instant when the shock wave reaches the front face sheet
(t.), the moment when the front-face center velocity
reaches its maximum (fionmay)> the moment when the
back-face center velocity reaches its maximum (tback,max),
and the moment when the back-face deflection reaches its
maximum (¢, ).

d,max

Table 4. Comparison of the maximum residual deflection
at the blast centerline between the honeycomb sandwich
structure (HSS) and the solid plate

Stand- pos  solia  CHAmBCIn oo golid .

off front-face Reduction
| front front N back back

distance deflection back (%)

(mm) (mm) (mm) (mm)

(mm) (%)

50 14.7 15.3 3.9 11.7 14.7 20.4

75 10.4 9.3 -11.8 7.9 9.1 13.2

100 6.3 5.6 -12.5 4.6 5.7 19.3

Note: Negative values indicate a larger deflection of the HSS relative to
the solid plate.
Attt under the 50 mm stand-off distance, the

central region of the structure exhibits extremely high stress

Figure 11. Deflection of the specimens: (A) Cross-sectional photographs of honeycomb sandwich structure specimens, (B) cross-sectional photographs of
solid specimens, (C) front surface residual deflection of six specimens, and (D) back surface residual deflection of six specimens
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levels, with the front face sheet and the honeycomb walls
near the explosion center entering the plastic state, showing
pronounced stress concentration. As the stand-off distance
increases, the extent of the high-stress region decreases,
and the peak stress values are substantially reduced. The
stress distribution indicates that the honeycomb core plays
a crucial role in load transmission, effectively dissipating
the impact energy through its plastic deformation and
progressive failure mechanisms.

To gain deeper insight into the dynamic response of
the structure, the velocity-time histories at the centers of
the front and back face sheets of the HSS under different
stand-off distances were extracted from the numerical
simulations, as shown in Figure 13. The corresponding
maximum velocities and their occurrence times are
summarized in Table 5.

Table 5. Maximum velocities and corresponding times of the
front and back faces

A Vsoms

e TS B TSI
50 584.8 15.0 251.3 322

75 443.6 21.2 184.7 45.2
100 3323 27.2 97.8 47.2

At a stand-off distance of 50 mm, the front-face center
reaches a maximum velocity of 584.8 m/s at approximately
15.0 ps after detonation, indicating an intense initial
response of the front-face sheet upon blast-wave loading.
In comparison, the maximum velocity at the back-face

Figure 12. Von Mises stress contours of honeycomb sandwich structure specimens under three stand-off distances: H50, H75, and H100
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center is substantially lower, reaching 251.3 m/s at 32.2
ps. The reduced magnitude and delayed occurrence of
the back-face peak indicate that the blast-induced load is
effectively attenuated and temporally dispersed during its
transfer through the PU-filled honeycomb core.

As the stand-off distance increases from 50 mm to 75
and 100 mm, the maximum front-face velocity decreases
by 24.1% and 43.2%, respectively, while its occurrence time
is delayed by 41.2% and 81.2%. Similarly, the maximum
back-face velocity decreases by 26.5% and 61.1%,
respectively, accompanied by increases of 40.4% and
46.6% in its occurrence time. These results demonstrate
that increasing the stand-oft distance reduces the blast-
load intensity and delays the arrival of the peak structural
response. Moreover, the consistently lower and later-
occurring velocity peaks at the back face further confirm
the significant load-attenuation capability of the metallic
honeycomb-PU composite core.

3.3. Energy absorption characteristics

The internal energy of each component, including the front
face sheet, honeycomb core, PU filling, and back face sheet,
was extracted to characterize its respective deformation
energy absorption. To quantify the contribution of each
component during the blast-resistance process, the internal
energy histories under the three stand-off distances are
compared in Figure 14A. At approximately 600 ps, the
energy absorption of all components became stable. The
corresponding absorbed energies and proportions at this
time are summarized in Figure 14B.

The energy-time histories indicate that the honeycomb
core was the primary energy-absorbing component under
all three stand-off distances, accounting for 44.6-46.3% of
the total absorbed energy. It also approached saturation
later than the other components, whereas the PU filling
exhibited rapid energy absorption during the early
loading stage. The back face sheet showed delayed and
substantially lower energy absorption than the front face
sheet, contributing only 6.9-8.2% of the total absorbed
energy. As the stand-off distance increased from 50 to 100
mm, the total absorbed energy decreased markedly from
843.1t0228.0].

At the smallest stand-off distance of 50 mm, the total
absorbed energy of the HSS reached 843.1]. The honeycomb
core absorbed the largest amount of energy, contributing
385.5 J (45.7%), primarily owing to its extensive plastic
deformation under the blast load. The front face sheet
absorbed 196.6 ] (23.3%) through stretching, bending, and
localized plastic indentation. The PU filling absorbed 191.7
J (22.7%), mainly through microcell collapse, polymer-
matrix deformation, and internal friction. The back face
sheet absorbed the least energy, with a contribution of 69.3
J (8.2%), indicating that most of the energy transmitted
through the core and filling had been dissipated before
reaching the rear surface.

Comparing the mass proportions of the
components—23.2% for the front face sheet, 41.2% for
the honeycomb core, 12.3% for the PU filling, and 23.2%
for the back face sheet—with their corresponding energy
absorption ratios further demonstrates the effectiveness

600
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500 — 75 mm - Front ~77 75 mm - Back
~ 100 mm - Front ~77100 mm - Back
400
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o
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Figure 13. Velocity-time histories at the centers of the front and back face sheets under different stand-off distances
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Figure 14. Internal energy absorption of each component in the HSS specimens under different stand-off distances: (A) Time histories of internal energy
of each component in the HSS specimens under different stand-off distances, (B) internal energy absorption and proportion of each component at 600 s

under three stand-off distances
Abbreviations: HSS: Honeycomb sandwich structure; PU: Polyurethane.

of the PU filling. Despite accounting for only 12.3% of
the total mass, the PU filling contributed 22.7-25.5% of
the total absorbed energy, indicating excellent specific
energy absorption performance. The honeycomb core
also exhibited an energy absorption contribution of 44.6-
46.3%, moderately exceeding its mass proportion, whereas
the back face sheet contributed substantially less energy
than its mass proportion.

4 Discussion
4.1. Reflected peak pressure

The pressure-time histories extracted in this study indicate
that the reflected pressures at the scaled distances of Z =
0.1315, 0.1972, and 0.2630 m-kg™*”* were 1757.2, 1131.9,
and 762.8 MPa, respectively. In comparison, the empirical
predictions based on Shin et al’s*” spherical charge model
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yielded reflected pressures of 917.5 MPa, 293.0 MPa, and
130.5 MPa, corresponding to ratios of 1.92, 3.86, and 5.85,
respectively. Previous studies have shown that, under
identical central initiation conditions, the near-field peak
overpressure estimated using a spherical charge may
underestimate that of a cylindrical charge by up to a factor
of 3.0 at Z = 0.25 m-kg'”. Moreover, at Z = 0.7 m-kg™"?,
the pressure on the initiation side of a single-end-initiated
cylindrical charge was found to be approximately 2.5 times
higher than that on the opposite side.”® In the present study,
the TNT charge had a length-to-diameter ratio of 1.0 and
was initiated at the far end. Compared with the centrally
initiated spherical charge, this configuration produced
substantially higher reflected pressures in the near-
field region. Under such extremely close-in detonation
conditions, the characterization of blast loads becomes
highly complex, as it is strongly influenced by multiple
factors, including detonation products, charge geometry,
and initiation configuration.

4.2, Selective laser melting of 316L stainless steel

The mechanical properties of SLM-fabricated 316L
stainless steel are closely related to both the printing
process and subsequent post-processing treatment.
Process parameters such as build orientation, laser
power, scanning speed, hatch spacing, and layer thickness
collectively determine the energy input per unit volume,
thereby governing melt pool stability, densification level,
and microstructural characteristics. For example, laser
power and scanning speed directly affect the thermal field
and cooling rate of the melt pool, while hatch spacing and
layer thickness influence inter-layer bonding quality and
the formation of porosity.** In addition, post-processing
heat treatment may further modify the residual stress
state and microstructural features of the printed material,
thereby affecting its mechanical response. Therefore,
different combinations of processing and post-processing
conditions generally involve trade-offs among strength,
hardness, ductility, and structural integrity, and an optimal
parameter set is typically defined with respect to specific
performance objectives. Existing studies have shown that,
within reasonable processing windows, SLM-fabricated
316L stainless steel can exhibit a dense microstructure
with typical melt pool morphology and relatively stable
mechanical performance.?

A typical feature of SLM-fabricated 316L stainless steel
is the direction-dependent mechanical response caused
by its layer-wise manufacturing process. The repeated
melting and rapid solidification during SLM produce melt-
pool boundaries, cellular substructures, crystallographic
texture, and columnar grain growth associated with the
build direction. These microstructural characteristics may

result in differences in yield strength, strain hardening,
ductility, and failure behavior between the build direction
and the build plane. Therefore, the mechanical response of
SLM 316L stainless steel cannot be regarded as completely
identical in all loading directions, especially under large
deformation and high-strain-rate loading conditions.

In the present study, the material behavior in the
numerical simulations was described using an isotropic
Johnson-Cook constitutive model. This model was
adopted because it provides an effective phenomenological
description of strain hardening, strain-rate hardening, and
thermal softening and is widely used for high-strain-rate
simulations involving large plastic deformation. In order
to improve the reliability of the material description, the
Johnson-Cook parameters were calibrated from basic
mechanical tests of SLM-fabricated 316L stainless steel
produced using the same processing route as the HSS
specimens, rather than being directly taken from the
literature.

Nevertheless, the use of a single-direction, isotropic
Johnson-Cook calibration inevitably introduces certain
simplifications. The blast response of the HSS involves a
complex combination of bending, compression, shear,
local buckling, and multiaxial stress states. In addition, the
metallic honeycomb walls may experience both tensile-
dominated and compressive-dominated deformation
during collapse, while SLM-fabricated 316L stainless
steel may exhibit anisotropy and tension-compression
asymmetry. These effects cannot be fully captured by the
present isotropic Johnson-Cook model. This simplification
may partly contribute to the discrepancy between
the simulated and experimental residual deflections,
particularly at the closest stand-off distance of 50 mm,
where the deformation, strain-rate effect, and stress state
are the most severe. Future work may further incorporate
multi-directional tensile and compressive tests, as well as
orthotropic or anisotropic constitutive models, to quantify
the influence of direction-dependent material behavior on
the blast response of SLM honeycomb structures.

4.3. Filling materials

The PU filling plays an important role in the blast
resistance of the HSS by providing both structural support
and additional energy dissipation. Its contribution is not
limited to the direct absorption of impact energy; more
importantly, it interacts with the metallic honeycomb core
and improves the stability of the core during progressive
collapse. The enhancement effect of the PU filling can be
mainly attributed to the following mechanisms:

(i) Lateral support and buckling stabilization: The PU
filling occupies the honeycomb cells and provides
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lateral support to the thin metallic cell walls. This
support restrains premature local buckling and
promotes a more progressive folding deformation of
the honeycomb core. As a result, the blast load can be
redistributed over a larger deformation region, and
the energy absorption process becomes smoother and
more stable.
Viscoelastic and microcellular energy dissipation:
Under high-strain-rate compression, the PU
matrix exhibits pronounced viscoelastic hysteresis.
Meanwhile, the compression and collapse of the
internal microcells further dissipate impact energy
through cell-wall bending, collapse, and gas
compression. These mechanisms enable the PU filling
to absorb a considerable amount of energy while
maintaining partial integrity during large compressive
deformation.

(iii) Metal-polymer interfacial friction: During the
deformation of the HSS, relative sliding and friction
occur between the metallic honeycomb walls and the
PU filling. This metal-polymer interaction forms an
additional damping mechanism, which helps reduce
the transmitted shock intensity and mitigates the
dynamic response of the back face sheet.

(ii)

Therefore, the PU filling does not merely act as an
additional energy-absorbing phase. By supporting the
honeycomb walls, it helps stabilize the metallic core and
promotes progressive folding during collapse. In turn, the
confinement provided by the honeycomb cells enhances
the compressive resistance of the PU filling under high-
rate loading. This mutual constraint between the metallic
honeycomb and the PU filling produces a synergistic
energy absorption mechanism, which is essential for
reducing the back-face deformation of the HSS.

The energy analysis further supports this mechanism.
Although the PU filling accounts for only 12.3% of the
total mass of the HSS, it contributes 22.7-25.5% of the
total absorbed energy. When normalized by mass fraction,
namely by comparing the energy fraction-to-mass
fraction ratios, the PU filling exhibits a specific energy
absorption contribution more than 1.7 times that of the
metallic honeycomb core. This indicates that the PU filling
substantially improves the mass-specific energy absorption
efficiency of the sandwich structure, which is beneficial for
lightweight blast-resistant design.

5. Conclusion

This study combined near-field blast experiments with
validated S-ALE numerical simulations to evaluate the
dynamic response and energy absorption mechanisms
of PU-filled SLM 316L HSS. The main conclusions are

summarized as follows:

(i) PU-filled 316L stainless steel HSS specimens were
successfully fabricated using SLM, achieving an
integrated connection between the face sheets and
the honeycomb core. Basic mechanical tests were
conducted on SLM-fabricated 316L stainless steel,
and the Johnson-Cook constitutive parameters were
calibrated from the measured quasi-static, high-
strain-rate, and elevated-temperature mechanical
responses. A numerical model based on the S-ALE
algorithm was then established to simulate the entire
“initiation-response—energy  absorption”  process
under near-field blast loading. The calculated residual
deflections showed acceptable agreement with the
experimental measurements, with relative errors
within 14%, confirming that the model can reasonably
capture the deformation trend of the HSS under near-
field blast loading.

Both the HSS and the solid plate with equivalent areal

density exhibited Mode I large plastic deformation.

Compared with the solid plate, the back-face residual

deflection of the PU-filled HSS was substantially

reduced by 20.4%, 13.2%, and 19.3% at stand-off
distances of 50 mm, 75 mm, and 100 mm, respectively,
demonstrating its superior blast resistance.

(iii) The pressure analysis showed that the reflected peak
pressures at scaled distances of Z = 0.1315, 0.1972,
and 0.2630 m-kg™”* were 1757.2 MPa, 1131.9 MPa,
and 762.8 MPa, respectively. Compared with the
conventional spherical charge model, the cylindrical
charge exhibited a significant peak amplification
effect.

(iv) The energy analysis indicated that the honeycomb core

and the PU filling were the primary energy-absorbing

components. At a stand-off distance of 50 mm, they
absorbed 45.7% and 22.7% of the total absorbed energy,
respectively. Across all three stand-off distances, the
honeycomb core contributed 44.6-46.3%, while the

PU filling contributed 22.7-25.5%, despite its mass

fraction of only 12.3%. The PU achieved high specific

energy absorption through mechanisms such as
micropore compression, viscoelastic hysteresis, and
interfacial friction.

The synergistic “plastic buckling + viscoelastic

damping” effect between the metallic honeycomb and

the PU filling effectively delayed local instability and
enhanced the overall blast resistance and structural
stability.

(ii)

v)
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Appendix

Figure A1l. Engineering stress—strain curves of SLM 316L stainless steel obtained from quasi-static tensile tests
Abbreviation: UTS: Ultimate tensile strength.

Figure A2. Quasi-static compressive stress—strain curve of polyurethane
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