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Abstract
The mesoscale thermo-mechanical behavior of an additively manufactured energetic material (AMEM) simulant under 
dynamic loading is studied. The material is unidirectionally printed using direct ink writing (DIW) of a high solid-loaded 
photopolymer and cured under ultraviolet (UV) light exposure. Experiments and multi-physics computations are performed 
to relate localized deformation, dissipation mechanisms, and temperature rises to the print structure. Simultaneous high-speed 
visible light and infrared imaging is used to obtain deformation and temperature fields over the same area of samples with 
micrometer spatial and microsecond temporal resolutions. Loading along different directions relative to the print structure 
of the material is achieved using a split-Hopkinson pressure bar (SHPB) or Kolsky bar at the average strain rate of ~ 310 s−1. 
Shear banding and shear failure are observed. Simulations accounting for the geometry and print structure of the samples 
are performed. The microstructural heterogeneities are found to significantly affect the orientation-dependent deformation, 
damage, and heating, with the damage and heating most pronounced when the loading direction and print orientation are 
non-collinear. The heating is attributed to both constituent inelastic dissipation and internal friction. Depending upon the 
strain rate level and the loading orientation, the contribution of frictional dissipation to the overall heating is 0.9–4.5%. 
Despite this relatively low fraction in the overall heating, friction is localized at fracture sites and plays an important role in 
the development of local temperature spikes called hotspots which are of great interest for energetic materials.

Keywords  Additively manufactured energetic material (AMEM) · Split-Hopkinson pressure bar (SHPB) · High-speed 
optical and infrared imaging · Digital image correlation (DIC) · Multi-physics finite element simulation

Introduction

The geometric flexibility provided by additive manufactur-
ing (AM) or 3D-printing opens new avenues for functionally 
tailoring materials for specific applications. As a result, AM 
has been widely used to produce a wide range of materials 
such as metals [1, 2], polymers [3], and energetic materials 
(EM) [4, 5]. Several AM techniques have been used for EM 
including electrospray deposition (ESD) [6–8] and direct ink 
writing (DIW) [9–12]. AM processes result in embedding 
inherent heterogeneities that can lead to poor mechanical 

properties [13, 14] and different mechanical behaviors in dif-
ferent directions and regions [15, 16]. Defects, microstruc-
ture heterogeneities, and anisotropy can significantly affect 
the behavior of additively manufactured energetic material 
(AMEMs) as well [17, 18]. Since heterogeneities have domi-
nant effects on the energy dissipation, hotspots formation 
[19], and chemical reactions [20, 21] in EM, it is necessary 
to systematically quantify the mesoscale thermo-mechanical 
response of AMEMs under dynamic loading in order to tai-
lor these materials for applications, improve performance, 
and minimize uncertainties.

Experimental analyses of the mesoscale thermo-
mechanical response of heterogeneous materials at high 
spatial and temporal resolutions is challenging. Concur-
rent multi-physics measurements are rare or near non-
existent. Most studies involve either mechanical defor-
mation or thermal response alone [21–23] or the two 
separately. High-speed visible light (VL) cameras and 
infrared (IR) thermal detectors have been used to study 
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thermo-mechanical responses with low spatial resolu-
tions [24–27]. Recently, high-speed IR cameras pro-
vide the opportunity to measure temperature fields with 
unprecedented spatial and temporal resolutions. Using a 
beam-splitter along with developing a custom-designed 
lens assembly, Keyhani et al. integrated a high-speed VL 
camera and a high-speed IR camera [28]. This technique 
enables coupled recording of the temperature field and 
the deformation field with micrometer spatial and micro-
second temporal resolutions. Here, we use this technique 
to study the coupled thermal-mechanical behavior of an 
AMEM simulant.

Unidirectionally printed materials show overall trans-
versely isotropic behavior with the print (filament) direc-
tion as the anisotropic axis. In addition, these materials 
show orientation-dependent failure behavior. Hong et. al 
tested UV-cured AM photopolymers and reported that the 
tensile toughness level parallel to the filaments is approxi-
mately two times higher than the toughness level perpen-
dicular to the filaments [29]. Therefore, it is necessary to 
account for anisotropic failure in modeling of AM pho-
topolymers. Based on isotropic hyperelastic and viscoplas-
tic models for polymers [30, 31], Zhang and To proposed 
a transversely isotropic continuum model for additively 
manufactured photopolymers [32]. This model applies to 
the macro-scale behavior of AM photopolymers. However, 
to understand meso-scale thermo-mechanical response of 
AMEMs, it is necessary to explicitly account for micro-
structure morphology and heterogeneities at lower size 
scales.

The focus here is the mesoscale thermo-mechanical 
responses under impact loading of a high solid-loaded pho-
topolymer manufactured using the DIW process and cured 
with UV-light. The material mimics the attributes of some 
AMEMs. Samples are extracted from a single DIW block 
and subjected to loading along four different directions. The 
experiments are performed in a SHPB or Kolsky bar appa-
ratus at the average strain rate of ~ 310 s−1, with the recently 
developed novel capability for simultaneous measurement 
of the temperature and deformation fields [28]. The tech-
nique involves the use of digital image correlation (DIC) 
for displacement and strain distribution quantification [33]. 
The deformation and temperature fields are coordinated to 
obtain understanding of the deformation, failure, and heating 
mechanisms in the material at the mesoscale. To quantify 
the complex physics observed in the experiments and their 
interplays, finite element simulations are performed account-
ing for the geometry and microstructure morphology of the 
samples used in the experiments. The simulations account 
for finite-strain inelastic deformation, arbitrary crack initia-
tion and propagation, contact and friction at crack surfaces, 
inelastic and frictional heat generation, and heat conduction. 
Most material constitutive parameters are obtained from 

independent experiments or determined using experimental 
data in the literature.

Technical Approach

Material and Microstructure

The photopolymer composite used in the DIW AM and UV-
light curing processes has a solid particulate volume frac-
tion of 74%. The particulate population includes organic and 
inorganic materials. These printed blocks are approximately 
37.8 × 54.5 × 13.3 mm in size. The samples are extracted 
from these blocks using a diamond saw (Crystal Systems 
Corporation Model CU-02). Figure 1 shows the external 
structure of one such a material block. The tomographic 
images of three sections of the block show internal defects 
in the forms of voids and debonding sites. Figure 2a shows 
a three-dimensional view of the voids in this block. The 
overall volume fraction of voids in the material block is 
2%. The size and shape of the voids are characterized using 
the actual volume and the bounding box of each void. The 
shapes of two such voids are shown in Fig. 2b. Figure 2c 
shows the density distributions of the three linear dimen-
sions of the bounding boxes in the x, y, and z directions. 
The density distributions of the aspect ratios are shown in 
Fig. 2d. The defects are elongated in the y (print or filament) 
direction and are relatively flattened in the z (build) direc-
tion. The mechanical properties at the primary orientations 
are obtained from quasi-static tests and listed in Table 1.  

Integrated High‑speed Visible Light and Infrared 
Imaging System

Figure 3 illustrates the overall experimental setup for 
dynamic loading and coupled spatially and temporally 
resolved recording of the deformation and tempera-
ture fields [28]. Dynamic compression of the samples is 
achieved using a split-Hopkinson pressure bar (SHPB) 
with a load pulse duration of 0.2 ms and an average strain 
rate of ~ 310 s−1. To capture the transient deformation and 
temperature fields over the same microstructure area of a 
sample with micrometer spatial and microsecond tempo-
ral resolutions, a high-speed visible light (VL) imaging 
camera and a high-speed infrared (IR) imaging camera 
are used. The two cameras capture the VL and IR parts 
of the emission spectrum from the sample, respectively. 
To separate these two parts, a dichroic beam splitter is 
used, as shown in Fig. 3b. The beam splitter reflects VL 
and transmits IR emissions at an efficiency of 85%. Both 
cameras image at normal incidence to the sample service, 
because the beam splitter is at 45° relative to the sample 
surface. To correct distortions in the transmitted IR image, 
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a custom-designed distortion correction lens assembly is 
used (Fig. 3b). The IR camera is calibrated in the same 
optical setting of the actual experiments. The reflected VL 
image is recorded by the VL camera with a microscope 
lens. To coordinate the VL and IR images, the cameras 
are synchronized in time and space. Details of the setup 
and procedure can be found in reference [28]. The VL 
images are recorded at a temporal resolution of 10 µs, a 
spatial resolution of 13.6 µm, and a field of view (FOV) 
of 7.0 × 4.4 mm. The IR images are captured at a temporal 
resolution of 300 µs, a spatial resolution of 11.4 µm, and 
a FOV of 2.2 × 2.2 mm [shown in Fig. 3(c)].

The samples are compressed without lateral confine-
ment. Loading along 4 sample orientations relative to 
the AM print direction is considered. The 4 loading ori-
entations are along the x direction, y (print or filament) 
direction, z (build) direction, and xy-diagonal direction. 
For this purpose, the samples are cut from the AM blocks 
accordingly at an overall size of 5 × 5 × 5 mm, as illustrated 
in Fig. 4. The VL and IR FOVs are illustrated. The experi-
ments are carried out at ambient temperatures and humid-
ity levels of 23.3 ± 1.8 ◦C and 44.6 ± 2.1 %, respectively.

Digital Image Correlation (DIC) Analysis 
of Deformation Fields

To quantify the strain distributions in the samples, digital 
image correlation (DIC) analyses are performed using the 
open-source Ncorr package [34]. To provide characteristic 
patterns for the image correlation, the surfaces of the sam-
ples are sparsely sprayed with the black paint. The speckle 
patterns sprayed on the samples are shown in Fig. 5a. The 
probability density distributions of speckle dimensions are 
shown in Fig. 5b. The proper size of 3–6 pixels is achieved 
for speckles [35]. Higher densities of speckles can lead to 
higher resolutions for deformation fields, but cover higher 
fractions of sample surfaces resulting in more interference 
with the temperature measurement. Here, the densities of 
speckles are limited to 16.5 ± 1.4% (Fig. 5c) to maintain a 
proper tradeoff between the deformation resolution and the 
temperature measurement accuracy.

To estimate the errors in the DIC analyses, the displace-
ment and strain fields readings associated with known 
rigid translations of the samples are calculated. In this sce-
nario, the samples are translated in the loading direction 

Fig. 1   External structure of a material block and the tomographic images of three sections of the material block. The tomographic images show 
the internal defects including voids and debonding sites
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(x-direction) without deformation. Under ideal conditions, 
the DIC analyses should yield uniform displacement field 
and zero strain. Any deviation from the applied displacement 
and resulting strain field provide a measure for the error in 
the DIC analyses and associated experimental setup. Fig-
ures 6a and b show the probability density distributions of 
error in the displacement along the loading or x-direction at 
x = 2 and 4 mm, respectively. Three subset sizes of 30, 50, 
and 70 pixels are used. Here, the selection of subset sizes 

smaller than 30 pixels results in incomplete and noisy strain 
fields. For all selected subset sizes, the maximum displace-
ment error is ~ 9 μm, which is smaller than the pixel size 
of 13.6 μm. Figure 6c and d show the error in the longitu-
dinal strain, the maximum is 7 × 10−3, associated with the 
smallest subset size (30 pixels). Using the subset size of 30 
pixels, Figs. 7a and b show the probability distributions of 
displacement error along the loading direction in the four 
samples. Figures 7c and d show the probability distributions 
of the error in the longitudinal strain in the four samples. 
The maximum error in the longitudinal strain calculations is 
10−2. In the analyses, a subset size of 30 pixels is used, with 
the uncertainty levels in the displacement and strain being 
9 µm and 1%, respectively. 

Thermo‑mechanical Computational Simulations

The experiments capture deformation modes and corre-
sponding temperature signatures in the AMEM simulant. 

Fig. 2   a The distribution of voids in a 3D-printed photopolymer-solid 
particle composite block, b the shapes of two voids, c probability 
density distributions of defect sizes in the x, y, and z directions, and 

d probability density distributions of defect aspect ratios. The overall 
void fraction in the material is 2%

Table 1   Mechanical properties of the AMEM  simulant in different 
orientations

E is the Young’s modulus, σc is the yield stress in compression, and εc 
is the yield strain in compression

Loading orientation E(GPa) �c(MPa) �c(%)

Along filaments (y) 2.54 ± 0.05 23.95 ± 4.50 1.15 ± 0.18

Perpendicular to fila-
ments (x and z)

0.97 ± 0.19 21.64 ± 3.02 2.57 ± 0.76
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However, the effects of microstructural attributes and 
frictional and inelastic dissipation cannot be quantified 
experimentally due to limitations of available diagnostics. 
Therefore, we also perform experimentally-informed finite 
element simulations to gain the quantification.

Microstructures are generated based on scanned images of 
the morphology of the 3D-printed material block. Material 
constitutive parameters are determined based on independent 
experiments or data reported in the literature. The Young’s 
modulus and the yield strength are measured through quasi-
static tests. The equation of state (EOS) is obtained through 
our recent x-ray phase contrast imaging (XPCI) experi-
ments on this material [36]. The damage and thermal param-
eters are approximated to match the results of simultaneous 
high-speed optical and infrared images. Here, we assume 
that the filaments are homogenous elastic-plastic materials. 
The inhomogeneities in the material are modeled through 
material property variations from one filament to another. 
Since the defects are mainly located at the inter-filament 

sites, they are implicitly modeled through reduction in the 
mass density and degradation in the mechanical properties at 
the inter-filament sites [see Fig. 4b]. A critical plastic strain 
criterion determines the initiation and propagation of shear 
failure. The onset of damage at the two-filament junctions 
and three-filament junctions are approximated to be two-
thirds and one-third of the filaments, respectively [29]. The 
material property sets are listed in Table 2 and color-coded 
through this paper.

The experiments suggest that friction can contribute sig-
nificantly to the heating in the material, as the highest tem-
peratures measured are inside shear bands where shear failure 
occurs. Therefore, it is important to account for frictional dis-
sipation as well as inelastic dissipation in the simulations. To 
do this, we use a Lagrangian framework that explicitly tracks 
interfaces resulting from material failure, interfacial frictional 
sliding, and consequent frictional heating. The simulations 
also account for finite-strain elastic-plastic deformation, strain-
rate effect, inelastic heating, and heat conduction. To prevent 

Fig. 3   Experimental setup for dynamic loading and simultaneous 
high-speed infrared (IR) and visible (VL) imaging of microscale tem-
perature and deformation fields; a configuration of the split-Hopkin-
son bar apparatus and visible and infrared cameras, b relative posi-

tions of the confinement box, the dichroic beam splitter, the visible 
microscope lens, and the infrared lens assembly, and c relative posi-
tions of visible and infrared fields of view
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shear locking and reduce volumetric locking, reduced inte-
gration eight-node brick elements (specified with C3D8RT 
in ABAQUS) are used. The samples are individually meshed 
with ~ 4 × 106 elements. The shape of elements is cubic with 
the edge size of 31.25 µm. The framework below is imple-
mented in ABAQUS 2018 in conjunction with MATLAB, 
Python and FORTRAN based pre and post processors.

Constitutive Relations

A finite deformation framework is used. Under the basic kin-
ematic assumption, the deformation gradient (�), the rate of 
deformation (�), and the spin tensor (�) can be broken down 
to elastic and plastic parts as

In the above equations, the superscripts “e” and “p” refer to 
the elastic and plastic parts of each tensor, respectively. The 
Jaumann rate of the Kirchhoff stress (�̂) is

(1)

� = �
e
⋅ �

p,

� = �
e + �

p,

� = �
e +�

p.

⎫⎪⎬⎪⎭

where � denotes the tensor of elastic moduli

Here, E is the Young’s modulus, � is the Poisson’s ratio, � 
is second-order identity tensor, �′ is fourth-order identity 
tensor, and “ ⊗ ” refers to the tensor product of two vectors.

The linear Drucker–Prager pressure-dependent model is 
used to determine the onset of plastic deformation and fail-
ure. The yield surface is defined by

where �e is the von Mises equivalent stress, and 
�H =

(
�11 + �22 + �33

)/
3 is the hydrostatic stress, � is 

the friction angle of the material in the meridional stress 
plane, and �c is the flow stress in compression. Here, tan � 
is referred to as the pressure sensitivity index and expressed 
in the form of

(2)�̂ = � ∶ (� − �
p),

(3)� =
E

1 + 𝜐

[
�
� +

𝜐

1 − 2𝜐
�⊗ �

]
.

(4)�

(
�ij

)
= �e − �H tan � −

(
1 −

1

3
tan �

)
�c = 0,

Fig. 4   Illustration of loading directions with respect to the print structure. The y and z directions are the print (filament) and build directions, 
respectively



Journal of Dynamic Behavior of Materials	

1 3

where m = �c

/
�t is the ratio of the yield point in compres-

sion to that in tension 
(
�t

)
, and for polymers m ≃ 1.3 [37]. 

The strain rate effect on the flow stress is accounted by the 
Johnson–Cook strain rate dependence law as

where 𝜀̇∗ = ̇
𝜀

pl
/
𝜀̇0 in which ̇𝜀

pl
 and 𝜀̇0 are the equivalent 

plastic strain rate and the reference strain rate, respectively. 
�c is the yield strength corresponding to 𝜀̇∗ = 1. C is a mate-
rial constant and selected to be 0.005 based on a qualitative 
comparison of the results from the computations and the 
experiments.

The volumetric behavior is described by the linear 
Us − Up Hugoniot form of the Mie-Grüneisen equation of 
state (EOS),

(5)tan � = 3
m − 1

m + 1
,

(6)𝜎c = 𝜎c(1 + C ln 𝜀̇∗),

(7)p = −�H =
�0 c

2
0
�

(1 − s�)2

(
1 −

Γ0 �

2

)
+ Γ0�0Em.

Here, �0 is density in the reference configuration, 
� = 1 − �0

/
� is the nominal volumetric compressive strain, 

Γ0 is Grüneisen’s gamma at the reference state and for poly-
mers Γ0 ≃ 1, Em is the internal energy per unit mass, and c0 
and s define the linear relationship between the shock veloc-
ity Us and the particle velocity Up via

For the AMEM simulant analyzed, c0 = 2315.4 m/s and 
s = 1.905. The effect of load orientation on c0 and s is neg-
ligible [36].

To resolve arbitrary failure patterns which are unknown 
a priori, a failure criterion based on maximum equivalent 
plastic strain is used for all elements. The failure criterion 
is met when the equivalent plastic strain �pl in an element 
reaches the critical level of �pl

f
. Once this condition is met 

in an element, the element is considered to have failed and 
have no further strength. The values of �pl

f
 for all material 

sets are listed in Table 2. A proper contact state in active 
contact surfaces is achieved with a penalty force algo-
rithm. Friction between surfaces in contact is evaluated 

(8)Us = c0 + sUp.

Fig. 5   a Speckle patterns sprayed on the samples for DIC analysis, b probability density distributions of the speckle dimensions, and c area frac-
tions of the samples covered by the speckles
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according to the Coulomb friction law. Consequently, the 
frictional heating rate is

where ΔV  is the material volume subjected to heating, � 
is the coefficient of friction which is taken as 0.5 for all 
surfaces in contact, ΔS is the contact surface area, �n is the 
normal contact stress, and vrel is the relative sliding veloc-
ity between the surface pair in contact. The value of the 
coefficient of friction is selected according to data available 
in the literature for polymer-bonded explosives [38]. Heat 
conduction follows Fourier’s law. The specific heat for the 
material is estimated to be 1500 J kg−1 K−1.

(9)Ẇfric =
1

ΔV ∫
ΔS

𝜇𝜎n vrel dS,

Results

Experiments and Model Validation

The results obtained through computations are quantita-
tively and qualitatively compared with those obtained from 
experiments. The experiments are performed at an aver-
age loading rate of ~ 310 s−1. The computations are car-
ried out at a constant strain rate of ~ 310 s−1, and with this 
approximation, the maximum difference between the over-
all strain in experiments and computations at is 0.02. The 
deformation modes, the time and strain at damage initia-
tion, and temperature signatures are compared. The sam-
ples are deformed beyond the pulse duration 200 μs due 
to secondary waves. Deformation of samples continues 
up to t = 600 μs and an overall strain of ~ 20%. Figure 8a 

Fig. 6   Probability density distributions of the errors in the displacement and longitudinal strain obtained by rigidly translating a sample by 
x = 2 and 4 mm
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shows the time histories of the overall engineering strain 
� = (L − L0)

/
L0 from the experiments and computations. 

L is the instantaneous length of a sample and L0 = 5 mm 
is the initial length. This strain is measured by tracking the 
positions of the indenters through the VL images. Both 

computations and experiments show fracture at or after 
∼ 200 μs of loading, with the onset of failure at overall 
strains in the range of 3.4–5.9%. The onset of fracture is 
indicted by “•”, with solid lines before this symbol denot-
ing unfractured states and dash lines after this symbol 

Fig. 7   Probability density distributions of the errors in the displacement and longitudinal strain calculations for different loading directions 
obtained by rigidly translating the samples by x = 2 and 4 mm. The subset size is 30 pixels

Table 2   Material property sets 
used in the simulations

�
pl

f
 is the equivalent plastic strain at failure

Material sets Density (gr/
cm3)

E(GPa) �c(MPa) �c(%) �
pl

f
(%)

Filaments-set 1 (blue filaments) 1.6 0.5 15.0 3.0 60
Filaments-set 2 (green filaments) 1.6 2.5 22.5 0.9 60
Filaments-set 3 (red filaments) 1.6 4.5 30.0 0.7 60
Inter-filament surfaces 1.1 2.5 22.5 0.9 40
Inter-filament voids 0.5 0.5 15.0 3.0 20
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denoting post-fracture deformation. The infrared images 
are captured at t = 300 and 600 μs.

Figure 8b compares the lowest, average, and highest 
temperature levels obtained from the simulations and the 
experiments. The superscripts “Exp.” and “Sim.” denote 
experimental measurements and simulations, respectively. 
The calculated temperatures are in very good agreement 
with the experimentally measured temperatures, with the 
error being only ~ 3.9 K in the highest temperatures at 
� = 0.19 and t = 600 μs. At this time, the maximum error 
in the temperature increase between the computations and 
the experiments is ~ 14.0%. The agreement provides one 
validation of the computational model.

Damage Initiation and Crack Nucleation Sites

Figure 9 shows a sequence of VL images for the sample 
loaded in the x (⊥ print) direction (see Fig. 4). Under load-
ing, the sample shows shear deformation and shear rupture. 
To quantify the deformation fields in the samples, digital 
image correlation (DIC) analyses are performed. A total of 
4 samples are studied at similar conditions. The DIC analy-
ses concern the deformation fields up to the onset of shear 
rupture which occurs around t = 170 − 220 μs or overall 
strains of 3.4–5.9% for the sample set. Figure 10 shows the 
distributions of the maximum in-plane tensorial shear strain (
�max∕2

)
 in the samples at the onset of rupture as calculated 

via

Fig. 8   Comparison of measured and calculated overall strain levels 
as a function of time. The onset of rupture is indicted by “•”, with 
solid lines before this symbol denoting un-ruptured states and dash 
lines after this symbol denoting post-rupture deformation. The error 

bars show the variation of the overall strain levels among the multi-
ple samples. b Comparison of measured and calculated lowest, mean, 
and highest temperature levels

Fig. 9   Deformation for loading in the x-direction. The dashed lines and the arrows outline the rupture process and the relative motion
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where Exx, Eyy, and Exy are the Lagrangian strain compo-
nents. The local maximum shear strain level at rupture is 
4.8 ± 0.8%. The DIC calculation is carried out using a sub-
set size of 30 pixels (408 μm). Note that post rupture, this 
shear strain continues to increase and can reach values up to 
20%. The shear band angle with respect to the loading direc-
tion is 33.6 ± 5.3°. A similar value for the shear band angle 
was previously observed in a polymer bounded composite 
tested in an SHPB environment [23]. The material proper-
ties obtained and the physics captured in the experiments 

(10)�max

2
=

√(
Exx + Eyy

2

)2

+ E2
xy
,

are used to inform the simulations. Table 3 quantifies the 
average and maximum strain rate, overall compression strain 
at onset of fracture, fracture initiation time, the overall strain 
at fracture initiation, and overall total compression for all 
samples analyzed.

In the experiments, shear bands nucleate from the edge of 
the samples for loading in the x, y, or xy-diagonal directions. 
For loading in the z-direction, the dominant shear band 
nucleates from an internal point rather than the edge, due 
to internal heterogeneities. It is difficult to experimentally 
relate the crack nucleation sites to the print structure due 
to the opaque nature of the sample. The computations, on 
the other hand, offer an opportunity to track the crack paths 
in the sample’s interior. Here, it is assumed that samples 

Fig. 10   Distributions of the 
maximum tensorial shear strain (
�
max

∕2
)
 calculated at the rup-

ture nucleation

Table 3   Summary of 
experiments

No Loading direction Maximum 
strain rate 

(
s
−1
) Average strain 

rate 
(
s
−1
) Fracture 

time (μ s)
Overall strain 
at fracture

Overall 
compres-
sion

1 x 675 268 190 0.034 0.161
2 y 950 343 170 0.053 0.206
3 z 425 283 220 0.059 0.170
4 xy-diagonal 1100 360 200 0.044 0.216
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are initially crack-free and cracks result from the loading 
events. The computations account for failure at all possible 
sites, inside the filaments and along the interfaces. Figure 11 
shows the fracture initiation sites in samples loaded along 

the four direction at � = 0.064 or t = 204 μs. Cracks nucle-
ate at or before � = 0.064 or t = 204 μs. The nucleation is at 
the filament junctions and propagates through the filaments. 
The sample loaded in the y-direction (along the filaments) 

Fig. 11   Fracture initiation for different loading directions at � = 0.064 or t = 204 μs

Fig. 12   Stress-strain curves for loading in the x, y, z, and xy-diagonal directions: a strain levels up to 0.03 and b strain levels up to 0.3
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does not experience significant fracture at this stage, and 
instead shows only minor crack development and interfacial 
debonding along the loading direction at the later stage of 
� = 0.31 when the other loading directions show extensive 
crack development throughout the sample. The effects of the 
orientation-dependent fracture strain levels on the overall 
stress-strain relations are discussed in the next section.

Stress–Strain Curves

Figures 12a and b show the overall stress-strain relations for 
the four loading orientations. For comparison, a calculation 
is also carried out for the homogeneous sample (without 
microstructure or heterogeneities) having the properties of 
the base material as measured from the quasi-static uni-
axial compression experiments (see Table 1). Specifically, 
Fig. 12a shows the overall stress-strain relations for the early 
stages of loading up to � = 0.03. The sample loaded along 
the filaments (y-direction) shows a higher level of initial 
stiffness than the samples loaded perpendicular to the fila-
ments (x or z direction). This is in agreement with the trend 
seen in experiments (see Table 1). The homogenized sample 
achieves the highest level of stress among all samples at the 
end of elastic region 

(
� = 0.012, � = 25.7 MPa

)
. Beyond 

this point, the homogenized sample shows more pronounced 
damage initiation such that the overall stress level becomes 
the lowest among all samples at � = 0.03.

Figure 12b shows the stress-strain relations for overall 
strain levels up to 0.3. Overall in later stages, the sam-
ple loaded in the y-direction sustains a higher level of 
stress relative to the samples loaded in the other orienta-
tions. This sample even has a stress level that is higher 
than the stress level of the homogeneous sample up to 
� = 0.2. This is due to the fact that the material undergoes 
minor damage and consequently experiences lower loss 
of stiffness. When the sample is loaded in the y-direction 
(along filaments), the initiation of damage is in the form 
of debonding sites parallel to the loading directions. The 
overall stress state in the sample does not result in major 
tension or shear at the tips of the cracks parallel to the 
loading direction. Therefore, the evolution of damage is 
relatively slow. In the homogenized sample, the cracks 
nucleate approximately at the 45-degree angles relative 
to the loading direction where maximum shear occurs, 
consequently, damage propagates at a higher rate than the 
sample loaded in the y-direction. In contrast, the homoge-
neous sample sustains higher stress levels than the samples 
loaded in x, y and xy-diagonal directions. For these load-
ing directions, portions of the microstructure interfaces are 
oriented at or close to the maximum shear planes. Since 
the damage initiation threshold levels at the interfaces are 
lower than the levels in the base material or the filaments, 
damage initiation is facilitated by the material microstruc-
ture. In summary, depending on the loading orientation, 

Fig. 13   Experimentally meas-
ured temperature fields in the 
samples loaded in the x, y, z, 
and xy-diagonal directions at 
� = 0.19 or t = 600 μs
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the microstructure morphology can significantly affect the 
material integrity and stress-carrying capability.

Temperature Distributions

Plastic deformation and internal friction result in heating in 
the samples. Experimentally, it is challenging to separate 
the contributions of these mechanisms, but their combined 
effects are captured. Figure 13 shows the experimentally 
measured temperature fields in the four samples at � = 0.19 
or t = 600 μs. The loading conditions are listed in Table 3. 
The IR integration time is 50 µs. This value is selected 
according to calibration data to achieve an accuracy of 
0.5 K for temperature measurements between 300–350 K. 
Significant temperature increases occur along the shear 
bands, with the highest temperatures occurring at the centers 
of the bands. There is no appreciable temperature increase 
far away from the shear bands. The maximum temperature 
increases in the samples is 27.4 ± 0.5 K, with a 0.5 K meas-
urement error according to calibration data. Intense shear 
and the temperature increases occur primarily in shear bands 
in a localized fashion. The development of such hotspots 
is of primary interest for energetic materials, as they may 
lead to the initiation of chemical reaction. To quantify the 
spatial distribution and the extent of localization of heat-
ing, the temperature fields in Fig. 14 are further analyzed 
by calculating the fractions of the sample area with each 
temperature. This allows the degree of heating localization 
to be compared across different cases. Figure 14a shows the 
results of the analysis. The vertical axis can be interpreted 
as the probability of a random point on the sample surface to 
assume a certain temperature at t = 300 and 600 μs (corre-
sponding strains are ~ 0.10 and ~ 0.19). This axis can also be 

interpreted to be the proportions of the sample surface hav-
ing any given temperature in the range shown. The dominant 
temperatures in the samples (the temperature that is asso-
ciated with the highest proportion of the material surface) 
are ~ 296–299 K. The highest temperatures in the samples 
are ~ 324 K and occurs mostly in the smaller regions where 
the samples undergo intense shear inside and around the 
shear bands. 

The orientation dependence of the temperature distribu-
tions can be observed through computations. Figure 14b 
shows how localized or spread out spatially the heating is. 
Loading in the xy-diagonal direction yields the highest tem-
peratures. In contrast, loading in the other directions lead to 
less concentrated heating and higher fractions of the material 
participate in the deformation and heating at the lower end 
of the temperature range. The homogeneous sample has the 
least concentration of heating, as expected.

Displacement, Velocity and Temperature Profiles 
Along Shear Bands

Post rupture, the deformation fields on the two sides of the 
shear band are calculated separately using different regions 
of interest (ROIs). The edges of the ROIs next to the shear 
bands are ~ 0.2 mm (15 pixels, the subset radius) from the 
shear band center line. For loading in the x-direction, Fig. 15 
shows the horizontal and vertical displacement fields and 
the corresponding temperature fields at t = 300 and 600 μs . 
Rupture occurs at t = 200 μs . The displacement field on each 
side of the shear band is approximately uniform. There is 
no appreciable temperature increase away from the shear 
band. Significant temperature increases occur along the 
shear bands, with the highest temperatures occurring at the 

Fig. 14   Temperature distributions for different loading directions at t = 600 μs : a experiments, and b computations
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centers of the bands. The s-axis in the figure indicates the 
distance along the shear bands referred to in the rest of this 
paper.

Figure 16 compares the profiles of the relative displace-
ment and velocity across the shear bands (displacement and 
velocity jumps) with the temperature profiles at � = 0.19 
or t = 600 μs. The horizontal axis presents the distance 
along the bands. For loading in the x-direction, the shear 
band-parallel displacement and transverse velocity jump 
are relatively uniform along the bands, indicating relatively 
homogeneous slip along the shear band path (s-axis). How-
ever, the corresponding temperature profiles along the shear 
band are quite non-uniform. The displacement and velocity 
jump for the y, z, and xy-diagonal directions show significant 
variations along the bands. In general, there is a correlation 
between the magnitudes of the relative displacement and 
velocity jump, their non-uniformity along the bands, and 
the temperature increases. The non-uniformity appears to 
be associated with the heterogeneous nucleation of cracks 
along the shear band paths. Higher and faster relative slip 
tend to give rise to higher local temperature increases. For 

example, for loading in the y-direction, the location of the 
peak temperature at t = 600 μs (~ 324 K) coincides with the 
location of displacement and velocity jump change along 
the shear band path.

Energy Dissipation levels

Dissipations from friction and plastic deformation turn into 
heat and contribute to the temperature increase in the sam-
ples. The dissipation mechanisms (friction and plasticity) 
and their relative contributions to heating are analyzed as 
functions of the loading orientations. Computations are per-
formed for a time period of 1000 µs, which is longer than 
the 600 µs period of experiments. Figure 17a and b show 
the contributions to dissipation by plastic deformation 

(
WP

)
 

and fiction 
(
WF

)
, respectively. Overall, the contribution of 

internal friction is orders of magnitude lower than that of 
plasticity. Loading in the y-direction results in the highest 
plastic dissipation but lowest frictional dissipation. In con-
trast, loading in the xy-diagonal direction leads to lowest 
plastic dissipation but highest frictional dissipation. This 

Fig. 15   Displacement and temperature fields in the sample loaded in the x-direction at a t = 300 μs and b t = 600 μs
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interplay is directly related to the formation of shear bands 
and the extent of localization of the shear deformation. In 
general, less damage corresponds to higher levels of stress 
carried by the materials which in turn lead to higher levels of 
inelastic/plastic dissipation. Figure 17c shows the frictional 
dissipation as a fraction of the overall dissipation in the sam-
ples 

(
WF∕W

)
. Depending on the orientation, frictional dis-

sipation is only responsible for 0.9–4.5% of the total heating 
and bulk plasticity accounts for the rest. Although in abso-
lute terms, frictional dissipation is low, it plays an important 
role in hotspot development, owing to the fact that frictional 
heating is highly localized in the shear bands. The impor-
tance of frictional dissipation can be revealed by comparing 
the trends in frictional dissipation and the highest tempera-
tures in the samples. The sample loaded in the xy-diagonal 
direction experiences the lowest overall heating, but has the 
highest level of frictional dissipation and the highest frac-
tion of material volume in the peak temperature range of 
310–320 K [see Fig. 14b] among all orientations. Loading 
in the y-direction leads to the highest level of inelastic dis-
sipation and overall dissipation. Note that while loading in 
the y-direction leads to overall heating that is approximately 
37.2% higher than that for loading in the xy-diagonal direc-
tion, it leads to a lower fraction of material volume having 
the higher temperatures in the range of 310–320 K. This is 
because the deformation is less localized under y-direction 
loading and more spread out in the material.

Summary

Experiments and simulations are performed to analyze the 
dynamic thermo-mechanical behavior of an AMEM simu-
lant whose base material consists of a photopolymer and 
solid particles. The mesoscale deformation, failure, and 
heating of the material under loading along four different 
directions with respect to the print structure are studied. 
The study focuses on response anisotropy arising from the 
AM structures of the material. A split-Hopkinson pressure 
bar (SHPB) is used to apply compressive loading at an 
overall strain rate of 310 s−1. Integrated high-speed visible 
light (VL) and infrared (IR) imaging is used to simulta-
neously measure the deformation and temperature fields 
over the same area of a sample with microsecond-level 
time resolutions and micron-level spatial resolutions. The 
overall field of views (FOVs) for the VL and IR images 
are 7.0 × 4.4 mm and 2.2 × 2.2 mm, respectively. Shear 
band development is the primary mechanism for deforma-
tion, heating, and ultimate failure. The influence of load-
ing direction relative to the AM structure of the mate-
rial primarily manifests through how shear bands form. 
Post-rupture sliding along the shear bands is the primary 
heating mechanism and leads to significant temperature 

Fig. 16   a Profiles of relative displacement, b velocity jump across 
shear bands, and c temperature along the shear bands at t = 600 μs

Fig. 17   a Plastic dissipation levels, b frictional dissipation levels, and 
c friction dissipation as a fraction of overall dissipation as functions 
of time for loading in different directions
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increases, with the highest temperature increase observed 
being 27.4 K. The maximum shear strains at rupture is 
observed to be 4.8 ± 0.8%. The shear bands are observed to 
be 33.6 ± 5.3° relative to the loading direction. The defor-
mation and temperature profiles along the shear bands are 
obtained. The correlations in the variations in the profiles 
appear to coincide with the nucleation of rupture out of 
material heterogeneities and defects.

An experimentally-informed Lagrangian finite element 
framework is developed that accounts for finite-strain elas-
tic–plastic deformation, strain-rate effect, arbitrary failure 
initiation and propagation, post contact and friction, heat 
generation resulting from friction and inelastic bulk defor-
mation, and heat conduction. The microstructures used in 
the simulations are generated based scanned morphologies 
of the real material. Simulations performed focus on failure 
initiation and the contributions to heating, and interplays 
between plasticity and internal friction. The results show 
that cracks nucleate at the filament junctions and propagate 
through filaments. Loading in the print direction leads to 
minor damage and higher stresses compared with other load-
ing directions. Loading at 45-degree with respect to the print 
orientation (xy-diagonal direction) leads to lower stresses, 
more intense shear banding and higher temperatures. The 
simulations further reveal that intense shear leads to more 
significant contributions of internal friction to heating and 
higher fractions of the material volume that attain higher 
temperatures. Overall, frictional dissipation accounts for 
only 0.9–4.5% of heating with plasticity responsible for 
the rest. Despite of this disparity, friction plays an impor-
tant role in hotspot development, owing to the fact that it is 
much more localized and occurs primarily in the interior of 
intensely formed shear bands.

The analyses so far have focused on uni-directionally 
printed materials with low overall porosities. Further stud-
ies should also consider other structures and wider ranges 
of heterogeneities.
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