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Effect of Structure on Response
of a Three-Dimensional-Printed
Photopolymer-Particulate
Composite Under Intermediate
Strain Rate Loading
The thermo-mechanical response of an additively manufactured photopolymer-particulate
composite under conditions of macroscopic uniaxial compression without lateral confine-
ment at overall strain rates of 400–2000 s−1 is studied. The material has a direct-ink-
written unidirectional structure. Computations are performed to quantify the effects of
microstructure attributes including anisotropy, defects, and filament size on localized defor-
mation, energy dissipations, and temperature rises. To this effect, an experimentally
informed Lagrangian finite element framework is used, accounting for finite-strain
elastic–plastic deformation, strain-rate effect, failure initiation and propagation, post-
failure internal contact and friction, heat generation due to friction and inelastic bulk defor-
mation, and heat conduction. The analysis focuses on the material behavior under
overall compression. Despite relatively low contribution to overall heating, friction is local-
ized at fracture sites and plays an essential role in the development of local temperature
spikes unknown as hotspots. The microstructural attributes are found to significantly
affect the development of the hotspots, with local heating most pronounced when loading
is transverse to the filaments or when the material has higher porosities, stronger inter-fil-
ament junctions, or smaller filament sizes. Samples with smaller filament sizes undergo
more damage, exhibit higher frictional dissipation, and develop larger hotspots that
occur primarily at failure sites. [DOI: 10.1115/1.4048050]

Keywords: photopolymer-particulate composite, multi-physics finite element simulations,
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1 Introduction
Additive manufacturing (AM) or 3D-printing provides an oppor-

tunity for functionally tailoring energetic materials (EM) for spe-
cific applications [1–4]. As a result, energetic constituents have
been incorporated into conventional 3D-printing techniques includ-
ing electrospray deposition (ESD) [5–9] and direct ink writing
(DIW) [10,11] to create energetic materials for different purposes.
DIW is capable of printing high solids-loaded (85 vol%) compos-
ites [12] and tailoring material properties through structure design
[13]. DIW has been widely used with photopolymers. These light-
sensitive polymers, oligomers, or monomers crosslink and solidify
upon exposure to light of specific wavelengths such as those in the
ultraviolet (UV) regime. UV-curable photopolymers provide low
viscosities, allowing for 3D-printing of high solids-loaded particu-
late energetic composites. Unfortunately, 3D-printing processes
also result in inherent heterogeneities, anisotropic behaviors, and
poor mechanical properties [14,15]. Microstructure heterogeneities,
defects, and anisotropy control the performance of materials under
loading [16–21]. Therefore, it is necessary to systematically quan-
tify the role of microstructure attributes of additively manufactured
energetic materials (AMEMs) subjected to various loading condi-
tions including in the dynamic regime in order to tailor the materials
for applications.
UV-cured 3D-printed photopolymers show orientation-

dependent anisotropic elastic properties and failure [22]. To

account for anisotropic behavior of 3D-printed photopolymers, a
transversely anisotropic continuum model was developed [23]
based on isotropic hyperelastic and viscoplastic models for poly-
mers [24,25]. This model does not account for microstructure mor-
phology and heterogeneities. To understand the behavior of
AMEMs under dynamic/shock loading, it is necessary to explicitly
account for print structures and heterogeneities. The orientation-
dependent dynamic/shock responses of a 3D-printed photopolymer-
particulate composite have been the subject of recent studies
[26,27]. This material mimics some attributes of AMEMs. This
AMEM simulant is unidirectionally printed using DIW of a high
solids-loaded photopolymer and cured under UV-light exposure.
Wanger et al. [26] analyzed the shock compression response of
the material in different directions. X-ray phase contrast imaging
(PCI) was used to track features across the observed shock front
and determine the shock velocity versus particle velocity equation
of state (EOS). Keyhani and Zhou [27] experimentally analyzed
the thermal and mechanical responses of the material to dynamic
loading at an average strain rate of ∼310 s−1, using a recently devel-
oped novel capability for simultaneous measurement of temperature
and deformation fields [28]. This technique enables simultaneous
recording of the temperature field and the deformation field with
micrometer spatial and microsecond temporal resolutions. Meso-
scale computations were also performed to quantify the physics
captured in the experiments.
Built upon these recent experimental and computational studies

[26,27], this paper further analyzes the mesoscale thermo-
mechanical response of the material. The analysis here focuses on
the effects of microstructure, porosity, inter-filament strength, and
filament size on the overall behavior at strain rates of 400–
2000 s−1. The computations account for the AM print structure,
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finite-strain inelastic deformation, arbitrary crack initiation and
propagation, contact and friction at crack surfaces, inelastic and
frictional heat generation, and heat conduction. The framework is
implemented in the ABAQUS/EXPLICIT 2018 package. Most material
constitutive parameters are obtained from independent experiments
or determined using experimental data in the literature.

2 Material and Microstructure
The samples are computationally generated based on scanned

images of the real material, which is manufactured using DIW of
a high solids-loaded photopolymer and cured under UV-light expo-
sure. The material mimics some attributes of additive manufactured
energetic materials. Figure 1(a) shows the external structure of such
a material block. Details of the material microstructure and constit-
uents are presented in Refs. [26,27], and therefore not repeated here.
Figure 1(b) shows a computationally generated sample, illustrating
the print structure and the internal defects including inter-filament
surfaces and voids. The printer nozzle producing the filaments
has a diameter of 1.2 mm; however, the printed filaments have
approximately oval cross-sectional shapes due to setting. Inter-
filament voids account for ∼3% of the sample volume. The size
of the computational model is 5 × 5 × 5 mm, large enough to
capture at least three layers of the print structure.
To account for the process-inherent heterogeneities in the mate-

rial, an approach involving the use of different bulk constituents
is taken. Specifically, the microstructure consists of three different
constituents, one for the filaments, another for the inter-filament sur-
faces, and a third for the inter-filament voids, as shown in Fig. 1(b).
Among the filaments, three groups with differing properties (as
indicated by the three different colors) are used to account for
random fluctuations in the overall properties of the filament mate-
rial. The elastic properties of each group are selected such that
the overall elastic properties at the sample level match experimental
measurements in both the longitudinal and transverse directions.
The determination of the three sets of properties follows the
Voigt upper bound and the Reuss lower bound [29], i.e.,

ϕL =
∑n
i=1

viϕi

ϕT =
∑n
i=1

vi/ϕi

[ ]−1
⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(1)

where ϕi and vi are the property value and the volume fraction of
constituent i, respectively, and n= 5 accounting for the three
groups of filaments, the interfaces, and the voids. ϕL and ϕT are
the overall property values at the macroscale in the longitudinal
and transverse orientations, respectively. To phenomenologically
account for the effects of voids at inter-filament junctions, the mate-
rial properties are locally decreased to fractions of those in the fila-
ments. The macro longitudinal and transverse properties are
obtained from quasi-static tests and listed in Table 1.

3 Governing Equations and Constitutive Relations
3.1 Governing Equations and Finite-Strain Elastic–Plastic

Constitutive Model. The governing equations are balance of
momentum and conservation of energy in the forms of

∇ · σ = ρü (2)

and

ρcv
∂T
∂t

= k∇2T + Ẇ
P
+ Ẇ

F
(3)

where ∇ = ∂/∂xi + ∂/∂yj + ∂/∂zk is the gradient operator in which
∂ denotes partial derivative, σ is the Cauchy stress tensor, ρ is
the mass density, ü is the acceleration, T is the temperature, cv
is the specific heat and estimated to be 1500 Jkg−1K−1, and k is
the thermal conductivity. Implied in Eq. (3) is Fourier’s law of con-

duction. Ẇ
P
= σ:DP and Ẇ

F
are the rates of plastic work and

frictional dissipation per unit volume, respectively. Here, DP is
the plastic part of the rate of deformation tensor. The kinematic rela-
tions for the elastic–plastic deformation are presented in
Refs. [20,27,30].
The linear Drucker–Prager pressure-dependent (DP) model is

used to describe the yield and the plastic flow behavior [31]

σe − σH tan β − 1 −
1
3
tan β

( )
�σc = 0

tan β = 3
m − 1
m + 1

⎫⎪⎪⎬
⎪⎪⎭ (4)

where σe is the von Mises equivalent stress, σH= (σ11+ σ22+ σ33)/3
is the hydrostatic stress, β is the friction angle of the material in the
meridional stress plane, and m= σc/σt in which σc and σt are the
yield points in compression and tension, respectively. The DP
model is used for polymers with m≃ 1.3 [32]. The Jonson–Cook
constitutive model is used to account for the effects of strain,
strain rate, and temperature on the flow stress in compression (�σc)

Fig. 1 (a) The as-printed material block showing orientation notations aligned along the print direction
and (b) illustration of AM printing pattern and computational model

Table 1 Mechanical properties of the additively manufactured
photopolymer-particulate composite in longitudinal and
transverse orientations

Orientation E (GPa) σc(MPa) ɛc (%)

Longitudinal (y) 2.54± 0.05 23.95± 4.50 1.15± 0.18
Transverse (x and z) 0.97± 0.19 21.64± 3.02 2.57± 0.76

Note: E is the Young’s modulus, σc is the yield stress in compression, and ɛc
is the yield strain in compression.
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in the form of

�σc = [A + B(�ε pl)
n
] 1 + C ln

�̇ε
pl

ε̇0

( )[ ]
1 −

T − T0
Tm − T0

( )m[ ]
(5)

where the first bracket represents the effect of strain hardening, the
second bracket accounts for the effect of strain rate, and the last
bracket denotes the effect of temperature. Here, �ε pl is the equivalent
plastic strain, �̇ε pl is the equivalent plastic strain rate, ε̇0 is the refer-
ence strain rate, T is the temperature, T0 is the reference tempera-
ture, and Tm is the melting temperature. A, B, C, n, and m are
material parameters. In this paper, the effects of strain hardening
and temperature are not considered since the temperature increases
are relatively low and the material show negligible strain hardening
under conditions analyzed (B= 0, T≈ T0). Under this condition, A=
σc which is the yield strength in compression corresponding to the
reference strain rate ε̇0, and C= 0.005 based on a qualitative com-
parison of the results from the computations and the experiments.
The Mie–Grüneisen equation of state (EOS) is used to describe

the volumetric behavior

p = −σH =
ρ0c

2
0η

(1 − sη)2
1 −

Γ0η

2

( )
+ Γ0ρ0Em (6)

where ρ0 is the density in the reference configuration, η= 1− ρ0/ρ is
the nominal volumetric compressive strain in which ρ is the instan-
taneous density, Γ0 is Grüneisen’s gamma at the reference state and
for polymers Γ0≃ 1, Em is the internal energy per unit mass, and c0
and s are the constants in the linear relationship between the shock
velocity Us and the particle velocity Up, Us = c0 + sUp. For the
material analyzed, Us = 2315.4 + 1.905Up, and the orientation-
dependency of Us − Up relationship is negligible [26].

3.2 Damage Initiation, Failure, and Post-Failure Contact
and Friction. To account for arbitrary patterns of fracture, a phe-
nomenological damage criterion proposed by Hooputra et al. [33]
is used. The damage model assumes that the equivalent plastic
strain at the onset of damage is �ε plD . The evolution of damage is
based on fracture energy per unit area dissipated during the
damage process, and the equivalent plastic strain at failure is �ε plf .

�ε plD and �ε plf are the input parameters and selected based on experi-
mental results. When the failure criterion is met in an element,
the element fails, and the surfaces of the adjacent elements con-
nected to the failed element turn into free surfaces. A penalty
force algorithm is used to achieve proper contact at free surfaces
or fracture sites. The Coulomb friction law is used to determine
the stick-slip states of the sliding surfaces in contact and to estimate
frictional heating. The frictional heating rate over volume ΔV with
surface ΔS is

Ẇ
F
=

1
ΔV

∫
ΔS
μσnvreldS (7)

where μ is the coefficient of friction and selected to be 0.5 for all
surfaces in contact, σn is the normal stress between the surface
pair in contact, and vrel is the relative sliding velocity of contact
pairs.

To reduce mesh dependence associated with material failure, a
characteristic element length LE is incorporated in ABAQUS. An
equivalent displacement at failure is introduced such that
δf = LE · �ε plf . For three-dimensional elements, LE is the cube-root
of the element volume. An alternative solution to mitigate the
effects of mesh sensitivity is a non-local approach (not used
here), which defines a characteristic length LM as a material property
[34,35]. The values of properties of each constituent are listed in
Table 2.

3.3 Loading Configuration. As shown in Fig. 2, the material
is uniaxially compressed between two rigid surfaces (front and
back) without lateral (upper and lower, left and right) confinement.
Loading is in the horizontal direction, with the left (front) surface
moving at velocities of 2–10 m/s toward the right (back) surface
which is stationary at all time, resulting in overall strain rates of
400–2000 s−1. This loading configuration mimics the loading con-
ditions in the split-Hopkinson pressure bar (SHPB) or Kolsky bar
experiments reported in Refs. [27,28].

4 Results
Three sets of simulations are performed to quantify the effects of

print structure, defects (voids and interfaces), and filament size on
the thermo-mechanical response of the material to dynamic
loading. In the first set, the behavior of the reference microstructure
(1.2 mm size filaments and 3 vol% inter-filament voids) is analyzed
in 4 (x, y (filament), z (build), and xy-diagonal) orientations. In the
second set, variants of the reference microstructure are analyzed
with 0, 3, and 6 vol% voids while the 1.2 mm size for the filaments
is maintained. In addition, two other cases with stronger and weaker
inter-filament surfaces with respect to that in the reference micro-
structure are analyzed. In the third set, three samples are analyzed
with filament sizes of 0.8, 1.2, and 1.6 mm. The three cases have

Table 2 Material property sets for the reference microstructure

Material set ρ (gr/cm3) E (GPa) σc (MPa) ɛc (%) �ε plD (%) δf = LE · �ε plf (mm)

Filaments-set 1 (blue filaments) 1.6 0.5 15.0 3.0 12 0.0188
Filaments-set 2 (green filaments) 1.6 2.5 22.5 0.9 12 0.0188
Filaments-set 3 (red filaments) 1.6 4.5 30.0 0.7 12 0.0188
Inter-filament surfaces 1.1 2.5 22.5 0.9 8 0.0125
Inter-filament voids 0.5 0.5 15.0 3.0 4 0.0063

Fig. 2 Loading configuration mimicking the conditions of the
experiments reported in Refs. [27,28]
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Fig. 3 Simulation sets and illustrations of impact directions with respect to AM printing pattern and micro-
structure morphologies: (a) loading along various orientations with respect to the material print structure,
(b) porosities of 0–6 vol%, and (c) filament sizes of 0.8–1.6 mm

Fig. 5 Comparison of measured and calculated strain–stress
curves for longitudinal and transverse orientations. The error
bars show the variation of the overall stress levels measured
for multiple samples.Fig. 4 Dissipated energy levels as a function of elements sizes
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the same level of porosity of 3% voids by volume. In the latter two
simulation sets, the samples are subjected to dynamic loading in the
x direction in which the effects of AM microstructure are most pro-
nounced. Figures 3(a)–3(c) summarize the microstructures of the
samples used in all simulation sets.

4.1 Mesh-Size Convergence Analysis. To evaluate the mesh
sensitivity, the size of elements is varied over a range of 31–
79 µm. Figure 4 shows the energy dissipated through plastic defor-
mation, friction, and damage as functions of the element size. The
solution reaches convergence for an element size of 31 µm. At
this size, the samples are meshed with ∼4 × 106 cubic elements.
To prevent shear locking and counteract volumetric locking,
reduced integration elements are used (specified with C3D8RT in

ABAQUS). The selection of a certain mesh size in conjunction with
the implementation of a characteristic length equal to the cube-root
of the element volume provides an approximately non-local basis
for damage initiation and evolution.

4.2 Experimental Validation. To ensure the computational
model captures the essential physics of the material, the results
obtained from computations are compared with experimental mea-
surements. Figure 5 compares the stress–strain curves obtained
from the computations and experiments under quasi-static loading
conditions. Under both longitudinal and transverse loading, the cal-
culated overall stress levels are in very good agreement with the
experimentally measured stress levels. Specifically, the computa-
tions closely predict the onset of plastic deformation and failure.
Figure 6 compares the lowest, average, and highest temperature
levels obtained from the simulations and corresponding dynamic
experiments [27]. The computations and experiments are at an
overall strain-rate level of ∼310 s−1. The in situ experimental mea-
surements were performed in the SHPB environment with an inte-
grated system of high-speed visible and infrared imaging [27,28].
The calculated temperatures are in very good agreement with the
experimentally measured temperatures, with the error being only
∼3.9 K (∼14.0%) in the highest temperatures. These agreements
provide a form of validation of the computational model.

4.3 Orientation Dependence of Behavior. An experimental
study of the mechanical and thermal responses of the material to
dynamic loading in various orientations was reported in Ref. [27].
The overall strain rate is ∼310 s−1. Here, the orientation-
dependency of the material response is further investigated over
strain rates of 400–2000 s−1. Loading along four orientations (x,
y, z, and xy-diagonal, with filaments oriented in the y direction) is
analyzed. Figure 7(a) shows how damage evolves in the samples
at a strain rate of 1200 s−1. Damage initiates at the filament junc-
tions and propagates through the filaments. The sample experiences
only minor damage at �ε = 0.35 when loaded in the y direction,
while the sample shows extensive damage when loaded at other

Fig. 6 Comparison of measured and calculated lowest, mean,
and highest temperature levels (Tmin, Tmean, and Tmax) as a func-
tion of overall strain [ΔL/L0(%)]

Fig. 7 (a) Fracture evolution in the samples loaded in various orientations and (b) temperature distributions for loading
along x direction, y (filament) direction, z (build) direction, and xy-diagonal direction
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orientations. Figure 7(b) shows the temperature fields in the samples
at �ε = 0.35 (t = 290 μs). Temperature spikes are located at or near
fracture sites. Figure 8 quantifies the spatial distribution of temper-
ature corresponding to Fig. 7(b). Loading in the xy-diagonal direc-
tion results in the highest temperatures. In contrast, loading in other
orientations yields less concentrated heating and higher fractions of
the material participate at the lower end of the temperature range.
The homogeneous sample shows the lowest temperature levels.
Figures 9(a) and 9(b) quantify contributions to dissipation by

plastic deformation (WP) and fiction (WF) as functions of overall
strain rate and loading orientation at �ε = 0.35. Both WP and WF

increase as the loading rate increases, as expected. Frictional dissi-
pation is more sensitive to the loading rate and increases 18.9 −
27.1% as the loading rate increases from 400 to 2000 s−1, but
plastic dissipation is less sensitive and only increases 1.7 − 6.4%
over the same loading rate range. Loading in the y direction
results in the least damage (see Fig. 7(a)) and the highest level of
stress carried by the material, leading to the highest plastic dissipa-
tion among all loading directions. In contrast, loading in the xy-
diagonal direction leads to the highest damage and fracture, result-
ing in the highest frictional dissipation. Despite only 1 − 4% contri-
bution to total heating, friction dissipation is localized at fracture
sites and plays an important role in the development of hotspots
or sites of localized temperature increases. Figure 8 shows

temperature distributions for all loading orientations. Although
loading in the xy-diagonal direction yields the lowest overall
plastic dissipation, but it results in the highest level of frictional dis-
sipation and the highest fraction of material volume in the peak tem-
perature range of 310–320 K. Loading in the y direction leads to the
lowest frictional dissipation and the lowest fraction of material
volume in the peak temperature range despite the highest overall
dissipation in the direction. The interplay between plasticity and
friction is discussed in Ref. [27].

4.4 Effect of Void Volume Fraction and Inter-Filament
Strength. Voids and inter-filament surfaces are the two types of
defects in the material. These defects control the overall response
to dynamic loading. To quantify the effects of void fraction and
interfacial strength, variants of the reference sample are analyzed.
In one set of simulations, the porosity of the samples varied
between 0 and 6 vol%. The porosity of the reference sample is
3 vol%. Two other samples are generated based on the reference
sample with the amounts of voids of 0 vol% in one and 6 vol% in
the other. The material constituent properties and the overall micro-
structure morphology are the same in all three samples.
Figure 10 shows the overall stress–strain curves of the three

samples at a strain rate of 1200 s−1. The samples with lower poros-
ities show higher levels of stress carried up to the strain of 26% and
all cases show approximately equal levels of stress after that. The
variations in overall stress levels result from damage initiation
and evolution. In general, damage initiates from inter-filament junc-
tions and propagates along shear bands. Higher porosity levels lead
to earlier damage initiation. Figure 11(a) shows damage initiates at
�ε ≃ 0.05 for 6% porosity but at �ε ≃ 0.08 for 0% porosity. The
overall damage dissipation levels begin to converge at �ε ≃ 0.22
and become approximately equal at �ε ≃ 0.36. In the homogeneous
sample, damage initiates at �ε ≃ 0.14, which is later than in the het-
erogeneous samples. Higher porosities lead to higher levels of
damage at earlier stages of loading and higher overall frictional dis-
sipation, as shown in Fig. 11(b). Figure 12 shows the temperature
distributions. The samples with higher porosities exhibit higher pro-
portions of volume with temperatures higher than 305 K. The
samples with higher levels of frictional dissipation show higher
material proportions with high temperatures. The difference in tem-
perature distributions between the sample with no porosity and the
samples with porosities is pronounced. In contrast, the difference in
the temperature distributions among the samples with different
levels of porosity is relatively minor. This fact shows that the rate

Fig. 8 Temperature distributions of the samples loaded in
various directions and subjected to a strain rate of 1200 s−1

Fig. 9 Dissipations from (a) plastic deformation and (b) friction as a function of strain rate at �ε= 0.35
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of hotspot development with respect to the porosity is higher at
lower porosity levels.
In another set of simulations, three samples with various levels

of interfacial strength are analyzed. Specifically, three levels of �ε plf
(plastic strain at failure) for inter-filament surfaces are used. In the
reference sample, the ratio between �ε plf at inter-filament surfaces
and at in the filaments is 0.67 (R= 0.67). This level is referred
to as “intermediate strength.” The samples with R= 0.34 and R=
1 are referred to as having “low-strength” and “high-strength”
inter-filament surfaces throughout this paper. When R= 1, the
plastic strain levels at the onset of damage (�ε plD ) and failure (�ε plf )
are equal to those in the filaments. Table 3 list the values of param-
eters used for the three inter-filament strength levels. Here, parti-
cles and particle-matrix interfaces are not explicitly modeled.
The phenomenological approach for capturing the effects of inter-
faces and the related parameters are calibrated using experimental
data reported in Ref. [22]. It is useful to note that, for traditionally
manufactured energetic materials, Prakash et al. [36] and Olokun
et al. [37] measured directly the properties of particle-matrix inter-
faces. Such direct measurements would be much desired and very
useful, if they can be made for AM materials like the materials
studied here.
Figure 13 shows the overall stress–strain curves of the samples

with various inter-filament strength levels. The inter-filament

strength level determines the overall integrity of the sample under
loading. The samples with higher levels of inter-filament strength
experience lower levels of damage and carry higher levels of
stress. Figure 14 shows fracture patterns and temperature fields on
cross sections parallel to the loading direction. Higher levels of R
result in lower levels of fracture. The hotspots are at or near crack
surfaces. The sample with R= 1 shows relatively larger hotspots
at fracture sites. This fact can be quantitatively seen in Fig. 15,
where the temperature distributions in the samples are shown. Com-
pared with the samples with R = 0.34 or 0.67, a higher proportion
of the sample with R= 1 is approximately at or close to the initial
temperature (300–302 K). This is due to the fact that this sample
undergoes a lower level of fracture; therefore, there are fewer
sites for frictional sliding and consequent frictional heating.
However, the R= 1 case shows a higher proportion with tempera-
tures higher than 312 K. The peak temperature values are primarily
controlled by localized frictional heating. The frictional heating rate
increases as normal stress increases (see Eq. (7)). The samples with
higher levels of inter-filament strength show lower levels of fracture
and sustain a higher level of stress. Therefore, the fracture sites in
these samples undergo more intense frictional heating as a result
of the higher levels of stress.

4.5 Effect of Filament Size. Filament size is an important
printing parameter which can be used to tailor the thermo-
mechanical response of printed materials. Here, we analyze three
samples with filament sizes of 0.8 mm, 1.2 mm, and 1.6 mm.
These samples are loaded in the x direction (perpendicular to the fil-
aments) for which the role of the AM microstructure is more pro-
nounced. The strain rates are in the range of 400–2000 s−1.
Figures 16(a) and 16(b) show fracture patterns and temperature
fields at a strain rate of 1200 s−1, respectively. The samples with
smaller filament sizes show more damage and higher temperature
spikes at the fracture sites, owing to the fact that there are more
interfacial heterogeneities. Figure 17 shows the temperature distri-
butions in the samples corresponding to Fig. 16. The samples
with smaller filament sizes show higher proportions at temperature
levels higher than 314 K.
Figure 18 shows the ratios of damage dissipation in the hetero-

geneous AM samples to that in the homogenized sample
(WD/W ′

D) as a function of overall strain rate. The inherent hetero-
geneities as a result of the layer-by-layer build process lead to
localized deformation and earlier damage initiation. Therefore,
their dissipation levels are higher than that in the homogenous
sample (i.e., WD/W ′

D > 1). The results show that the effect of

Fig. 10 Strain–stress curves of the samples with porosities of
0–6 vol%

Fig. 11 Dissipations from (a) damage dissipation (WD) and (b) friction (WF) as a function of overall strain for the samples with
porosities of 0–6 vol%
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microstructure is more pronounced at higher loading rates. For the
reference sample, WD/W ′

D increases from ∼3.9 to ∼6.5 as the
loading rate increases from 400 s−1 to 2000 s−1. The samples
with smaller filament sizes show higher levels of damage. This
due to the fact that the samples with smaller filament sizes
contain higher densities of inter-filament surfaces, which are
weaker than filaments and dominate the onset of damage. The
results also show WD/W ′

D levels converge as the filament size
decreases. At the strain rate of 2000 s−1, WD/W ′

D is ∼6.5 for
the filament size of 1.2 mm and increases slightly by only ∼1%
as the filament size decreases to 0.8 mm. However, this ratio
decreases by 9% as the filament size increases to 1.6 mm. This
observation shows that the dissipation tends to plateau as the fila-
ment size decreases below 1.2 mm.

4.6 Effect of Microstructure Attributes on Dissipation.
Figure 19 compares the ratios of overall plasticity, friction, and
damage dissipations in the AM samples with that in the homoge-
nous sample for all simulation sets. The values correspond to a
35% overall compression. The normalization with respect to the
homogenous case provides an opportunity for comparing the
effects of microstructure attributes. Figure 19(a) shows the normal-
ized levels of dissipations for various loading orientations with
respect to the filament direction. Except for 0 deg (loading along
the filaments), the ratio for plastic dissipation (WP/W ′

P) is lower
than unity. The ratios for damage and friction dissipations reach
the highest values of 5.49 and 2.79, respectively, when the
loading is at 45 deg. Although damage dissipation for 0 deg is sig-
nificantly higher than that for the homogenous sample
(WD/W ′

D = 4.4), the corresponding frictional dissipation is lower
(WF/W ′

F = 0.72).
Figure 19(b) compares normalized dissipation levels for porosi-

ties in the range of 0–6%. Both WF/W ′
F and WD/W ′

D increase but
WP/W ′

P decreases as the porosity increases. This interplay
between damage and plasticity results from the fact that higher
porosities increase damage and result in lower levels of overall

Fig. 12 Temperature distributions in the samples with porosi-
ties of 0–6% at �ε= 0.35

Fig. 13 Strain–stress curves of the samples with various inter-
filament strength levels

Fig. 14 Temperature fields in the samples with various inter-filament strength
levels at �ε = 0.35 and t=290 μs

Table 3 Inter-filament property sets

Property set ρ (gr/cm3) E (GPa) σc (MPa) ɛc (%) �ε plD (%) δf = LE · �ε plf (mm) R =
�ε plf Interfaces

∣∣
�ε plf Filaments|

High strength 1.1 2.5 22.5 0.9 12 0.0188 1.00
Intermediate strength (reference sample) 1.1 2.5 22.5 0.9 8 0.0125 0.67
Low strength 1.1 2.5 22.5 0.9 4 0.0063 0.34
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stress and plastic dissipation. At 0% porosity,WF/W ′
F andWD/W ′

D
are the lowest at 2.01 and 4.54, respectively. At 6% porosity,
WF/W ′

F and WD/W ′
D increase to 2.6 and 4.96, respectively.

Figure 19(c) shows dissipations for the samples with filament
sizes of 0.8–1.6 mm. While WP/W ′

P increases, both WF/W ′
F and

WD/W ′
D decrease as the filament size increases. The samples

with smaller filament sizes have higher densities of inter-filament
surfaces and undergo more damage and fracture. The results
show that the dissipations plateau as the filament size decreases
below ∼1 mm. For the filament size of 1.6 mm, WF/W ′

F and
WD/W ′

D are the lowest at 2.15 and 4.94, respectively. For the fila-
ment size of 0.8 mm, WF/W ′

F and WD/W ′
D are highest at 2.77

and 5.37, respectively.
Finally, Fig. 19(d ) shows the normalized dissipations as func-

tions of inter-filament strength. Damage and plasticity exhibit oppo-
site trends as the inter-filament strength increases, with WP/W ′

P
increases, but WF/W ′

F and WD/W ′
D decrease. When the inter-

filament surfaces are as strong as the filaments (R= 1), WF/W ′
F

and WD/W ′
D are 1.89 and 4.71, respectively. For the low-strength

Fig. 15 Comparison of temperature distributions in the samples
with various inter-filament strength levels at �ε = 0.35

Fig. 16 (a) Fracture patterns and (b) temperature distributions in the samples with fil-
ament sizes of 0.8–1.6 mm at �ε= 0.35

Fig. 17 Temperature distributions in the samples with filament
sizes of 0.8–1.6 mm at �ε= 0.35

Fig. 18 Ratio of damage dissipation in the AM samples to that in
the homogenous sample (WD/W′

D) as a function of strain rate and
filament size at �ε= 0.35
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inter-filament surfaces (R= 0.34), WF/W ′
F and WD/W ′

D are highest
at 2.59 and 4.93, respectively.

5 Conclusion
Simulations are performed to analyze the thermo-mechanical

response to dynamic loading of a photopolymer-particulate com-
posite which is considered as an AMEM simulant. This material
is direct-ink-written in a unidirectional manner. The computations
explicitly account for the print structure, with the underlying com-
posite represented with a homogenized constitutive model. Defor-
mation, failure, and heating at the mesoscale are analyzed. To
achieve this, an experimentally informed Lagrangian finite
element framework is developed, accounting for finite-strain
elastic–plastic deformation, strain-rate effect, arbitrary failure initi-
ation and propagation, post-failure contact and friction, heat gener-
ation resulting from friction and inelastic bulk deformation, and
heat conduction. The samples generated mimic scanned morpholo-
gies of the actual materials used in experiments. Three sets of sim-
ulations are performed to quantify the effects of print structure,
defects (voids and interfaces), and filament size on energy dissipa-
tions associated with different mechanisms, hotspot development,
and overall stress evolution.
Loading is at strain rates of 400–2000 s−1 and emulates the con-

ditions of experiments carried out on a split-Hopkins pressure bar or
Kolsky bar. Inelastic and frictional dissipations increase as the
loading rate increases. Frictional dissipation is more sensitive to
the loading rate than plastic dissipation. Among all orientations,
loading in the filament direction results in less damage and higher
stresses. In contrast, loading at 45 deg with respect to the filament
direction (xy-diagonal direction) yields more intense shear bands
and the highest temperatures. In comparison with a homogenous

sample, the AM samples experience ∼3.9 times higher damage dis-
sipation at all loading directions. Frictional dissipation significantly
depends on the loading direction and is ∼28% lower in the filament
direction and ∼146% higher in the other directions relative to a
homogeneous sample. Although friction contributes only 1 − 4%
of the total heating, frictional heating is localized at fracture sites
and plays a vital role in the development of hotspots along shear
bands. Voids tend to cause damage initiation at earlier stages of
deformation. Higher porosities also result in larger hotspots at
higher temperatures. Somewhat counterintuitively, higher inter-
filament strength leads to larger hotspots at higher temperatures
due to more intense frictional dissipation at higher internal stresses.
Finally, smaller filament sizes cause higher levels of damage and
higher dissipation due to interfacial friction.
The findings of this study establish trends in and quantification of

the relations between structure and response of a class of additively
manufactured photopolymer-particulate composites.
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Nomenclature
k = thermal conductivity
p = pressure
t = time
L = instantaneous length of sample
E = Young’s modulus
cv = specific heat
vrel = relative sliding velocity
Em = internal energy per unit mass
LE = characteristic length of elements
L0 = initial length of sample
Us = shock velocity
Up = particle velocity
WD = damage dissipation
Wf = frictional dissipation
WP = plastic dissipation
c0, s = constants in Us−Up linear relationship

β = friction angle of the material in the meridional stress plane
δf = equivalent displacement at failure

ΔL = L− L0
�ε = overall strain, ΔL/L0
ɛc = yield strain in compression
�ε plD = equivalent plastic strain at onset of damage
�ε plf = equivalent plastic strain at failure
Γ0 = Grüneisen’s gamma at reference state
μ = coefficient of friction
ρ = mass density
ρ0 = initial mass density
σ = Cauchy stress tensor
σc = yield stress in compression
σe = von Mises equivalent stress
σH = hydrostatic stress
σn = normal stress
σt = yield stress in tension
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