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Additive manufacturing has emerged as a powerful tool for fabrication of heterogeneous particle-polymer
composites with enhanced material properties. These synthetic particle-polymer composites are lightweight,
tough and showcase remarkable fracture toughness. Yet there is still a big knowledge gap in engineering particle
microstructure orientation and loading fraction, to achieve the desired stress-deformation behavior of particle-
polymer composites. To close this knowledge gap, it is essential to study the fracture toughness and stress-
deformation patterns. Hence, in this paper, we additively manufactured particle-polymer composites with var-
ied particle chain distributions and particle loading fractions, and investigated the mechanical behaviors of those
composites both experimentally and analytically. Additionally, we investigated the influence of layer thickness
on the Young’s modulus and breaking propagation paths of the 3D printed samples. It is observed that the
breaking edges remain smooth for parts printed with a small layer thickness and becomes irregular with
asymmetrical fractures as the layer thickness is bigger than a critical value. The Young’s modulus predicted by
Cox-Krenchel model show similar trends as in the experimental results and validates the feasibility of the models
in guiding the design of particle distribution, orientation and concentration in heterogeneous particle-polymer
composites. Yet a higher modulus is predicted when particle chains are aligned parallel to the force direction,
while a much smaller modulus, as small as the modulus of pure polymer, is predicted when particle chains are
aligned perpendicular to the force direction. The analytical results of S1-0 and S1-45 composites agree with the
experimental results with a deviation of 5.5%. While the analytical results of S1-90 do not agree with the
experimental results, mainly due to the weak interfacial bonding between particle chain and polymer in the 3D
printed composites. Both analytical and experimental results show that the particle-polymer composites with
high particle volume loading fraction and parallel particle chain orientation has the highest stiffness.

1. Introduction

Biological organisms in nature often showcase remarkable structure
designs with sophisticated and complex filler embedding patterns [1].
These naturally evolved composites feature complex architecture with
various distribution, orientation, and concentration of reinforcing par-
ticles including spherical particles, pellets, and fibers. Some examples
are the claws of lobster and crabs, dactyl clubs of peacock mantis
shrimps, beetle wings and gigas fish scales [2-5]. These types of bio-
logical architectures have inspired researchers to design the
next-generation structural heterogeneous particle-polymer composite,
which is characterized by locally controlled material distribution and
hence localized properties. The particle loading fraction, orientation,

and dispersion in the polymer matrix have a significant effect on the
overall tensile strength, elasticity and stiffness of the heterogeneous
composite material. Various potential applications can be possible with
this kind of new material, including controlled drug delivery systems,
diagnostic medicine, biomimetic devices, and actuating and sensing
components [6,7].

Traditionally, researchers have combined conventional
manufacturing process and complex chemical preprocess to fabricate
particle-polymer composites. Some examples include injection and
compression molding, CNC machining, filament winding, prepreg
method, resin film infusion, etc. [8-11]. Some major drawbacks of these
techniques are time consuming, requiring manual assembly, limited
heterogeneity in the fabricated composite, and limited of design
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freedom. In recent years, additive manufacturing (AM) has emerged as
an effective way for fabricating different types of heterogeneous
particle-polymer composites with complicated architectures [6,7,
12-16]. Despite those advances, mechanical and fracture properties of
the resultant materials are still not well known.

In the past decades, numerous researches have been conducted to
study the mechanical properties of both the homogeneous and hetero-
geneous particle-polymer composites [17-19]. Most studies primarily
investigated the change of shear modulus and stress, with different
dispersion and orientation of the filler [2,17,20,21]. Some studies
investigated elastic modulus of composites and compared with the neat
polymer [21-28]. It was observed that the polymer elasticity and
maximum strain capability increase with parallel filler alignment [27,
29,30]. Various experiments were conducted to investigate the change
of mechanical properties with respect to the aspect ratio of filler [31],
filler-polymer compatibility, and interfacial interaction of different
aligned fillers such as carbon nanotubes (CNTs), multiwalled carbon
nanotubes (MWCNT), alumina platelets [2,18-21,32], and, glass fibers
[33,34]. Besides, the mechanical properties of particle-polymer com-
posites were modeled and simulated [27,35-41]. For example, Kalina
et al. [42] modeled the deformation dependent mechanical behavior of
chain-like micro-composites and compared their numerical simulation
results with established experimental studies [20]. A strong relationship
between sample interfacial geometries and the applied mechanical
preloads was demonstrated in their study.

Despite the extensive research on mechanical properties of hetero-
geneous polymer composites, most of the studies focused on composites
fabricated by traditional manufacturing techniques. Few studies
explored 3D printed composites. A wide range of research studies were
reported on additive manufacturing techniques for fabricating com-
posites with customized assembly and distribution of spherical particles
[6,21,31]. However, most of the current mechanical behavior studies
focused on polymer composites with fiber or platelet filler materials or
carbon nanofibers, while little is known about composites constructed
by assembled spherical particles. So, there is an urgent need for closing
the knowledge gap of the material properties of 3D printed heteroge-
neous polymer composites composed of spherical particle assemblies.

To address the above knowledge gap, this study fabricates hetero-
geneous polymer composite specimens by assembling iron oxide
spherical particles in liquid resin and curing the particle assembly in
resin through a layer-by-layer vat photopolymerization technique. Then
the stress-strain behaviors of the printed composites are characterized.
Several modes of the stress-strain behavior, such as elasticity and plas-
ticity are analyzed and correlated to the particle chain orientations and
concentrations. Moreover, this study also explores how the 3D printing
layer thickness setting impacts mechanical properties such as Young’s
modulus and breaking propagation path. The rest of the article is ar-
ranged in the following order: Section 2 describes material and char-
acterization methods, characterizes curing sizes, discusses the
fabrication of samples, and models the Young’s modulus. Section 3 an-
alyzes the modeling results and experimental data. Mechanical test re-
sults and interfaces are also discussed. A summary of the research work
is presented in section 4.

2. Material and method
2.1. Material

In this study, synthetic black iron oxide spherical particles purchased
from Alpha Chemical (Missouri, USA) were used as the composite filler
material. The average diameter of spherical iron oxide particles is about
300 nm with a specific surface area of 7.0 m%/g. Spot E photocurable
polymer resin purchased from Spot-A Materials (Barcelona, Spain) was
used as the base material. Its light-yellow color makes it easy to observe
the iron oxide particles in it both before and after 3D printing. The
photo-cured Spot E resin demonstrates exceptional toughness, which
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makes it the perfect material for applications needing soft yet resilient
rubbery materials such as bio-inspired soft robotics [43]. It also provides
up to 65% elongation behavior and a low viscosity for effortless material
recovery, cleaning and manipulation without any volatile organic
compound (VOC) inside.

Suspensions were prepared by mixing resin and iron oxide particles
with Thinky AR-100 mixer (THINKY CORPORATION, Tokyo, Japan).
The mixer was run for about 3-5 min until the homogeneous phase was
achieved. To study the mechanical behavior of the composites, particle-
polymer suspension was prepared with particle volume loading fractions
ranging from 4.5% to 9.5%. From literature [6,7,31] and our own
experience, we observed that the volume fraction of iron oxide particles
less than 4.5% had negligible effect on the polymer mechanical and
functional properties. In case of particle volume loading fractions higher
than 9.5%, the curing time increased significantly due to the light ab-
sorption by the dark colored filler particles [6,7]. This significant in-
crease in curing time would lead to manufacturing failures and
instabilities. Hence, in this study, we defined our research scope on
composites 3D printed by using feedstocks only with low filler loading
fractions. However, it is noteworthy that although the overall loading
fraction of the feedstock used our study is as low as 9.5%, after the
particle assembly, the local particle loading fraction in polymer matrix
of the printed composite can be as high as 70% [6,7]. Due to the particle
assembly effect, simply increasing the overall loading fraction has
limited effects on both the local loading fraction of assembled particle
patterns and the printed composite properties, yet significantly increases
the manufacturing expenses. Therefore, in this study, with the research
focus of particle assembly effects on composite mechanical properties,
we perform experiments on composites fabricated out of suspensions
with an overall particle loading fraction in the range of 4.5%-9.5%.

2.2. Experimental setup and M-PSL process

Recently, a few 3D printing techniques have been developed for
production of heterogeneous particle-polymer composites [2,6,15,19,
44]. In our previous work, a 3D printing technology named magnetic
field-assisted projection stereolithography (M-PSL) has been developed
for 3D printing of smart particle-polymer composites with locally
controlled particle distribution, assembly, and orientation [6]. This
paper used this M-PSL technique developed in our previous study to
fabricate heterogeneous particle-polymer composites. Fig. 1 illustrates
the M-PSL setup used to print the particle-polymer composite samples in
this study. The M-PSL setup is a bottom-up projection stereo-lithography
system integrated with an external magnetic field generation system,
consisting of a resin vat, an imaging unit, movable permanent magnets,
platform, and linear stages, as shown in Fig. 1(b). During the printing
process, the orientation of the reinforcing filler particle chains is finely
tuned within each layer by using the permanent magnets.

The M-PSL process begins with developing a digital computer model
of the object, which is then sliced into a set of 2D cross section layers.
Each sliced layer is converted to digital masks and then sent to the im-
aging unit. The imaging unit projects patterned light for each slice,
selectively exposing and hardening the resin. A layer of the resin is thus
cured into a shape defined by the corresponding light pattern. To print a
layer of particle-polymer composite, before the light curing, the per-
manent magnets are moved or placed properly to form external mag-
netic fields, to assemble magnetic particles into chains with desired
dimensions and alignments. This whole process is repeated until the last
layer to fabricate the designed particle-polymer composite model.

2.3. Material characterization

As illustrated in Fig. 2(a), in the M-PSL printing process, before light
curing, the particle is initially dispersed in the liquid resin which in turn
affects the photo-polymerization significantly. The curing shape,
including width and depth, will be affected by the particle distributions.
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Fig. 1. (a) A schematic diagram of the heterogenous particle-polymer composites printing system using M-PSL process. (I) Resin vat (II) acrylic holder (III) per-
manent magnet (IV) image unit (V) platform (VI) Z stage (VII) Y stage (VIII) X stage (IX) rotational magnet, (b) A M-PSL prototype built in this work.
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Fig. 2. (a) Schematic diagram of photo-curing, where Cjy is curing depth and C,, is curing width, (b) CAD design of a bridge model for curing calibration study, and

(c) Experimental calibration of curing depth and curing width.

To 3D print particle-polymer composites precisely with desired material
properties using the M-PSL technology, it is essential to analyze the ef-
fect of iron oxide particles on curing properties of the particle-polymer
suspensions and identify the appropriate curing process settings for
manufacturing. In this study, the curing depth and width of particle-
polymer suspensions are characterized and modeled with varied parti-
cle volume loading fractions. As shown in Fig. 2(b) and (c), a bridge
model is printed with seven different iron oxide particle volume loading
fractions. The center thickness and width of the overhanging cured layer
in the bridge model are measured under the microscope. The measured
thickness and width are then taken as the experimental curing depth Cy4
and curing width C,, of the particle-polymer suspension with that par-
ticle volume loading fraction respectively. Four replication experiments
are performed for each particle volume loading fraction. The exposure
time ¢t used in all experiments is 30s.

In our previous study [7], the curing depth was modeled using a
modified version of ceramic-suspension curing model proposed by
Griffith and Halloran [45]:
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where ?? is the average diameter of particles, ¢ is the particle volume

loading fraction in the polymer, t is the exposure time, t. is the critical
exposure time, ?? is the light wavelength, and ny and n, are refractive

indexes of the resin and particle, respectively. The critical exposure time
for each volume fraction was experimentally measured and found to be
ranging from 3.1 s to 10.5s. The details of this experimental procedure
to find critical exposure time are described in our previous publications
[46,47]. The refractive index of resin and iron oxide spherical particles
is 1.4 and 2.35, respectively [48]. The effective light wavelength is
380-480 nm and the average diameter of particles is 300 nm.

Fig. 3(a) plots the experimental curing depth of particle-polymer
composites versus the particle volume loading fraction. It shows that,
the curing depth decreases in a nonlinear trend as the particle volume
loading fraction increases. From Fig. 3(b), we can observe that the
experimental curing depth matches closely with the values predicted by
Eq. (1). The average prediction error for those seven samples is 13.25%.

The relationships of curing width (C,) with beam profile and
refractive index are established in Refs. [49-51],

ngp\ 2 ],2 t
Cpox —n> x = x zn(w) @
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where An = n, — np. Using a constant F to represent (%) x % and

rewriting Eq. (2), we can obtain:
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Fig. 3. (a) Experimental curing depth at varying volume loading fractions of magnetic particles, (b) Comparison of the experimental and analytical curing depth.

where F is a function of the beam profile, refractive index and particle
diameter. We can simply modify Eq. (3) by adding a slope and intercept
as below:

t
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Here, k and C are parameters that can be fitted experimentally. To
validate this curing width model, we measured the curing width of
samples with loading fractions of 4.5%, 6.0%, 7.5% and 9.5%, and
calculated the fitted values of k and C, which are 0.62 and —0.71,
respectively. The fitted model in Eq. (4) is then validated by experi-
mental measurements of samples with loading fractions of 5.5%, 7.0%,
and 8.5%, as shown in Fig. 4. The average prediction error is only
3.64%. It is verified that accurate predictions of curing width for sus-
pensions with varied particle volume loading fractions can be obtained
using the fitted model in Eq. (4).

2.4. Composite samples printed by M-PSL

To study the effect of material composition heterogeneity on com-
posite properties, two sample groups are designed and printed using the
M-PSL process. The key M-PSL process parameter, curing time, for
varied layer thickness and particle loading fractions is determined ac-
cording to the study in 2.3. The first group of the composite samples,
Sample 0 (S0), as illustrated in Fig. 5(a), has non-structured magnetic
particles uniformly distributed in the polymer matrix. The second group
of samples is named as Sample 1 (S1) which has oriented magnetic
particle chains uniformly distributed in the polymer matrix, as illus-
trated in Fig. 5(d). For fabricating S1, a uniform magnetic field with a
magnitude of 1276 A/m is applied to assemble particles into the desired
chain architecture.

t
0.7 C, =0.62 X lnE—OJI 4D5°
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Fig. 4. Curing width (Cw) vs SQRT [In (t/¢*t.)]1, where SQRT denotes square
root function, ¢ is the exposure time, ¢, is the critical exposure time and ¢ is the
particle volume loading fraction in the polymer.

Once particles are assembled and aligned, the structured particle-
polymer suspension is exposed to light and selectively polymerized to
form a layer. This process repeats until the last layer is printed. The
printed part is then rinsed in ethyl alcohol to remove any uncured resin
on the printed sample. After that, the samples are post-cured in an ul-
traviolet chamber to relieve residual stresses on the surface of printed
samples caused by the photo-polymerization process. Fig. 5(b) shows a
printed SO specimen with a 4.5% volume loading fraction. Sample SO
specimens with varied volume loading fractions are printed without the
presence of magnetic field. From the microscopic image in Fig. 5(c), the
iron oxide particles can be seen uniformly distributed inside the com-
posite. Fig. 5(d) illustrates sample S1 design which has particle chain
structures embedded in polymer matrix. An S1 specimen with a 4.5%
volume loading fraction is showed in Fig. 5(e) and (f). From Fig. 5(f), the
chain-like particle structures can be clearly observed in the printed
sample.

The microstructures of particle distribution in polymer matrix are
observed from a scanning electron microscope (SEM). The SEM images
are recorded using a JEOL JSM-6320F (CA, USA) electron microscope
operated at 3kV. Fig. 5(g) shows SEM images of SO where the spherical
iron oxide particles are uniformly distributed in the polymer. The par-
ticles can be seen embedded in the polymer with a thin polymer coating
around each particle. Fig. 5(h) shows SEM images of S1 with varied
loading fractions, ranging from 4.5% to 9.5%. It gives a closer look at the
microscale particle chain structures embedded in the polymer. The
chains are aligned unidirectionally along the magnetic flux. With
increasing loading fraction, the chain width increases due to the denser
particle distribution.

2.5. Modeling of Young’s modulus

To investigate the Young’s modulus of the 3D printed composite
analytically, the following assumptions were made: i) matrix is void
free; ii) the particle-polymer composite is initially in a strain-free state;
and iii) the polymer acts as linearly elastic materials. With these
assumption, the Young’s modulus of the particle-polymer composite
(Y¢) and its relation with volume loading fraction of filler particles (¢;)
can be modeled using a Cox-Krenchel model with Carman-Reifsnider
correction [52]:

Yo = Yigmep: + (1 — @)Y ()

where, Y, Y;, and Y, are the elastic moduli of particle-polymer com-
posite, iron oxide particle, and pure polymer, respectively. ¢; is the
volume loading fraction of iron oxide particle in the composite. The
theoretical values of Y; and Y, are previously known as 214 GPa and
12 MPa, respectively, from the literature [53]. 5, is the Krenchel
orientation factor [52] which is defined as 1 when particles are aligned
parallel to the stress and O for transverse alignment, with all other values
falling in the range of 0-1 for different orientation angles. #; is the Cox
fiber-length efficiency factor which is defined in Ref. [52] as,
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Fig. 5. (a, d) Schematic diagrams, (b, e) Photos of printed parts and (c, f) Microscopic images of SO and S1 respectively, (g) SEM images of sample SO, (h) SEM images

of sample S1 with varied loading fractions.
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L and d are the length and width of particle chain. The value of fiber
length efficiency factor 5, approaches 1 for fillers with high aspect ratio.
Previous studies have reported that #; approaches 1 as L/d > 10 which
underlines the fact that high aspect ratio particle fillers are preferred
[52]. In our study, these physical parameters (L, d) are directly
measured from SEM images of the particle assembly.

2.6. Tensile test experiment design

To validate the analytical model, experiments were performed to
measure the mechanical properties of fabricated parts with varied iron
oxide particle volume loading fractions and particle assembly orienta-
tions. The Young’s modulus of SO and S1 sample specimens are
measured using an Instron 3360-series (Instron, Norwood, MA) device at
room temperature and an extension rate of 5 mm/min. To investigate
the effect of particle chain orientation on mechanical properties of
printed samples, three orientations are tested in case of S1: parallel (S1-
0), at an angle of 45° (S1-45), and perpendicular (S1-90) to the applied
tensile load. As shown in Fig. 6, S1-0 illustrates the test setup where the
particle chain structures are parallel to the tensile force, while the S1-45
setup places the chain structures at a 45° angle to the tensile force and
the S1-90 setup places the chain structures perpendicular to the tensile
force.

3. Result and discussion
3.1. The effects of particle chain orientation

A comparison of measured Young’s modulus for the pure resin and
S1 samples with varied particle chain orientations (S1-0, S1-45, and S1-
90) is shown in Fig. 7, together with the corresponding analytical pre-
dictions of Y, calculated by Eq. (5). The printed sample used for Fig. 7

223
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Fig. 6. Schematic diagram of SO and S1 samples during tensile test.

had a layer thickness of 100 pm.

As shown in Fig. 7, in the experimental measurements, a higher
Young’s modulus is observed in S1 samples, compared to the modulus of
pure resin. A strong correlation of the Young’s modulus with the particle
chain orientation was observed. Composites with particle chains
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Fig. 7. Comparison of Young’s modulus (experimental and predicted) among
printed parts made by using the pure resin and composites of resin with aligned
iron oxide particles.
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oriented along the tensile force direction showed a higher modulus than
the ones with other particle chain orientations. The lowest Young’s
modulus of S1 specimen was measured to be 22 MPa, when the particle
chain orientation is 90° and the particle loading fraction is the lowest
(S1-90, ¢ =4.5%). With a parallel particle chain orientation, S1-
0 samples showed the highest Young’s modulus: about 45 MPa with a
4.5% volume fraction and 92 MPa with a 9.5% volume fraction of par-
ticles. As shown in Fig. 7, the modulus decreases as the angle of particle
orientation increases. An approximately linear increase of Young’s
modulus (Y.) can be observed with the increase of volume loading
fraction. Both the predicted and experimental Y. values show a linear
relation with the increasing loading fraction.

Overall differences between the experimental and analytical Y, are
observed in Fig. 7, because the analytical model assumes perfect as-
sembly of spherical particles with strong bonding strength between
particles, and perfect interfacial bond between filler assembly and resin.
For samples with particle chains oriented along the tensile force direc-
tion (S1-0), the Y. values predicted by Cox-Krenchel model are
comparatively higher than the experimental values. It can be explained
by the definition of Cox fiber-length efficiency factor #; in the model. The
model was developed to predict the modulus of fiber-polymer compos-
ites, instead of particle chain-polymer composites, and #; is a function of
the fiber length and width, as introduced in Eq. (6). In this study, we
redefined 7; as a function of particle chain length and width, to use Cox-
Krenchel model for understanding the 3D printed particle chain-
polymer composites. Yet the particle chain assembly does not have the
same stiffness as fibers along the length direction, making the actual
length efficiency factor smaller and thus the actual modulus smaller than
the modeled value. Fig. 7 shows that differences between the experi-
mental and Cox-Krenchel model predicted Young’s modulus becomes
smaller by increasing the angle between particle chain direction and
tensile loading direction from 0° (S1-0) to 45° (S1-45). The modeled
Young’s modulus of S1-0 and S1-45 composites agree with the experi-
mental results with a deviation of ~5.5%.

However, the analytical results of Young’s modulus of S1-90 do not
agree with the experimental results. For S1-90 samples in which the
particle chains are aligned perpendicular to the load, in the Cox-
Krenchel model, the influence of Young’s modulus of fiber (Y;) on the
composite becomes negligible as the Krenchel orientation factor 7, be-
comes zero, making the predicted Y. close to the experimental modulus
of pure polymer. However, this assumes perfect bonding between fiber
and polymer matrix, which is not the case in the particle chain-polymer
composites which are 3D printed in a layer-by-layer fashion in this
study. First, the chain assembled by spherical particles are not aligned as
perfectly as fibers. Additionally, as there is no surface modification of
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iron oxide particle fillers, the interface bonding between particle chain
and polymer matrix is weak, resulting in a break in the particle chain-
polymer interface at an early stage in the experiments, hence a bigger
experimental modulus.

The tensile strength of SO and S1 samples with a volume fraction
varying from 4.5% to 9.5% are measured and plotted in Fig. 8. It is
observed that the ultimate tensile strength increases almost linearly as
the filler volume loading fraction increases. This can be attributed to the
rising stiffness in the specimens as the volume fraction of the filler in-
creases. Another possible reason behind the efficient filler networking
could be the interaction of the filler components with the polymer ma-
trix [19]. We can also observe from Fig. 8(a) that the orientation of the
particle chain structures has a significant impact on the tensile strength.
Heterogeneous composite S1-0 samples which are characterized by
embedded particle chain structures parallel to the tensile force, show the
highest tensile strength compared to SO and S1-90 composite samples.

Fig. 8(b) plots the maximum strain of SO and S1 samples at break. It is
observed that the strain at break decreases with increasing particle
volume loading fraction. We can observe a higher strain at break of SO
compared to S1. In comparison, S1-0 has the smallest strain at break.
This indicates that SO has a higher elasticity than S1. In S1-0, the particle
chains which align parallel to the applied force reinforces the composite
fully while in the case of S1-90, the perpendicular particle chain align-
ment has the least reinforcement on the composite stiffness. Accord-
ingly, S1-45 demonstrates elastic characteristics in between these two
extremes, indicating a strong, but not linear correlation between the
particle chain orientation and elastic properties.

3.2. Break propagation path analysis

The measured stress-strain curves and recorded break propagation
processes for samples in groups SO and S1 at varied particle volume
loading fractions and particle chain orientations are shown in Fig. 9
(recorded video is in the Support material). Representative schematic
diagrams and SEM images of the fracture surfaces are shown in Fig. 10,
demonstrating the effects of particle chain orientation on the break
propagation.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2019.05.051.

Based on the gradient of the stress-strain curve, curves have been
partitioned to portions at points where there is either a sudden change in
stress distribution or the direction of gradient changes with respect to
the strain.

The first portion is identified before the first sudden change in stress
(high positive gradient) and termed as relaxation period. As the loading
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Fig. 8. (a) Tensile strength of SO and S1 at different volume loading fractions, (b) Maximum strain of SO and S1 at different volume loading fractions. The standard

deviation at each point is given below the graphs.
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Fig. 9. (a-d) Breaking propagation of S0, S1-0, S1-45 and S1-90 respectively, (e-h) Stress-strain curves at varying volume loading fractions (4.5%, 6.0% and 9.5%)

for SO, S1-0, S1-45 and S1-90, respectively.
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Fig. 10. Schematic diagrams of breaking edge for (a) SO, (b) S1-0, (c) S1-45, (d) S1-90 and SEM images of breaking edge for (e) SO, (f) S1-0, (g) S1-45 and (h) S1-90.

initiates, it affects the elastic properties provided by molecules of
polymer interacting with the particles.

After the relaxation period, the elastic region can be observed,
showing a gradual increase in stress with a constant increasing gradient.
It is then followed by a comparatively shorter plastic region. We can
observe extended plastic region in SO and S1-90 from Fig. 9 (e) and (h).
This is specially observed in lower volume loading fractions (i.e. 4.5%).
However, for S1-0 and S1-45, we can barely observe the plastic region,

especially in high particle loading fraction (9.5%). For example, we see
comparatively steeper plastic regions in the stress-strain curves in Fig. 9
(f) and (g). With increasing load, the composites finally reach the point
of tensile failure where the adjacent chain molecules tear from each
other. The tear normally follows a breaking propagation path. From the
tensile tests, we can observe that the breaking propagation path is
influenced by the distribution of filler and the orientation of particle
chains.
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The typical breaking path of SO is shown in Fig. 10(a). The breaking
path is linear and neat because of the homogeneous material composi-
tion in SO. The breaking pattern of particle-polymer composite samples
S0 is found to be similar to the pattern observed in pure polymer sam-
ples. As shown in the SEM images in Fig. 10(a), the fracture surface is
very smooth, implying a quick fracture which is also observed in the
recorded tensile test video.

For S1-0 samples, the breaking is instantaneous and swift. The stress
at break is the greatest in all samples. However, the fracture surface is
not smooth, showing an irregular break propagation path. The breaking
process and a SEM image of the fracture surface are shown in Figs. 9(b)
and 10(b). We can observe that the break occurred in the weakest point
of the particle chain where the chain length and width had compara-
tively smaller dimensions. The breaking surface was rough with asym-
metrical fractures along the edge.

For S1-45, cracks are formed from the edge along the direction of
particle chains and then break propagates. The breaking path was
congruent with the angle of the particle chain. The breaking process and
SEM image of S1-45 are shown in Figs. 9(c) and 10(c). From the SEM
images, we can see that the breaking edge of the S1-45 is irregular and
has particles embedded inside the chain.

Sample S1-90 forms multiple cracks from the edge along the direc-
tion of particle chains and then breaks by following the path of the chain
structure. The breaking process and SEM image of S1-90 are shown in
Figs. 9(d) and 11(d). From the SEM image, we can see that the crack is
propagating along the chain orientation. We can also observe the broken
chain and particles embedded in the chain.

3.3. The effects of 3D printing layer thickness

In 3D printed particle-polymer composite, printing layer thickness
and curing properties have significant effects on the photopolymerized
structure and hence the mechanical properties. The appropriate curing
process settings for varied particle loading fractions were analyzed and

Young’s Modulus Y. (Mpa)
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identified in section 2, and were used to print samples in this study. To
investigate the effect of layer thickness on mechanical properties of
printed composites, S1-0 samples were printed with a 4.5% particle
volume loading fraction and layer thicknesses of 30, 60, 80, 100, 120
and 150 pm. The corresponding curing time used for printing samples is
15, 18, 21, 23, 25 and 28s, respectively. Tensile tests as described in
section 2.6 were performed on these samples. Table 1 shows breaking
edges of samples after test.

It can be seen that the layer thickness has a slight effect on the
Young’s modulus, as shown in Fig. 11(e). However, the break propa-
gation path changes significantly as the layer thickness increases. While
the breaking propagation path is smooth for composites fabricated with
thinner layers (30-60 pm), it becomes irregular with asymmetrical
fractures for composites printed with thicker layers (80-150 pm). One
reason for this asymmetrical break propagation path is probably be the
micro-voids between layers in the 3D printed composites. When the
layer thickness is large, micro voids are likely to be formed due to the
poor interface between particle chains and polymer matrix.

Fig. 11(a-d) shows cross-sectional microscopic images with layer
morphology in printed samples before and after mechanical test. Fig. 11
(a) and (b) show thin (30 pm) and thick (150 pm) layers in the 3D
printed parts, respectively. We can observe that for thin printing layer
(30 pm), the layer by layer accumulation occurs in a stable manner on
the platform. But when the thickness is increased, larger number of
agglomerated molecules are formed further away from the platform base
layer. This causes a number of surface defects such as micro-gaps and
micro-voids in adjacent surface layers. Such a micro-void is shown in
Fig. 11(b). This kind of voids weakens the binding between adjacent
layers and the interface between particle chain and polymer, leading to
an irregular fracture. Fig. 11(c) and (d) show the cross-sectional area of
break propagation paths of composites printed with thin (30 pm) and
thick (150 pm) layers, respectively. For parts printed with thick
(150 pm) layers (Fig. 11(d)), it can be seen that the micro-voids facilitate
the cracks along the breaking edge.

== Break occur along the void

Fig. 11. Cross-sectional microscopic image of layers in printed parts before (a, b) and after (c, d) the mechanical test. (a, ¢) Correspond to the sample printed with
thin layers (30 pm) and (b, d) correspond to the sample printed with thick layers (150 pm). (e) Relationship of Young’s modulus with the printing layer thickness

(¢ = 45%).
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Table 1

Breaking edges of S1-0 samples printed with different layer thicknesses.
Layer 30 60
thickness (um)

Breaking ———
Edges
R
Smm

4. Conclusion

In this study, we investigated the influences of spherical particle
chain orientations, volume loading fractions, and 3D printing layer
thickness on the stress-strain behavior of 3D printed heterogeneous
particle-polymer composites. We conducted mechanical tests and
investigated analytical models, to understand how the elastic behavior
of the polymer composites corresponds to distribution and orientation of
spherical particle assemblies in polymer matrix.

This study gives us insight towards designing and 3D printing com-
plex particle-polymer composites with programmable fracture strength
and elastic properties. It is observed that the influence of 3D printing
layer thickness on Young’s modulus is negligible. However, the printing
layer thickness parameter has some effects on the breaking propagation
path due to the internal structure defects associated with large printing
layer thickness. In our study, with a particle diameter of 300 nm and
particle chain width of 5 pm, a 3D printing layer thickness smaller than
80 pm produce composites with smooth breaking edges. Whereas for
composites printed with a larger layer thickness in this study, irregular
breaking paths with asymmetrical fractures are usually observed,
possibly due to micro-voids present between layers in the 3D printed
composite part. How to determine this critical value of printing layer
thickness for composites with different materials and printed by
different processes, is still an open question and can be a topic for future
research.

With extensive analytical and experimental investigation, we can
conclude that, to achieve enhanced mechanical properties with rein-
forced architecture for a 3D printed assembled spherical particle-
polymer composite, the sample should have a high particle loading
fraction and parallel particle chain orientation. This study also showed
that the Cox-Krenchel model with Carman-Reifsnider correction can also
be applied to 3D printed particle chain-polymer composites, which are
fabricated in a layer-by-layer fashion. It is the first experimental vali-
dation of this model on composites composed of polymer matrix and
spherical particle chains. The model predicts a bigger Young’s modulus
of S1-0 samples than the actual ones, due to treating the particle chain as
fibers directly. On the contrary, the Young’s modulus of S1-90 samples
predicted by the model are significantly smaller than experimental re-
sults, because the actual particle chain-polymer interface bonding is
weaker than the assumption in the model.

This study of mechanical characteristics of particle-polymer com-
posites offers new fundamental knowledge to design and additively
manufacture polymer composites with assembled spherical particle
chains for applications in mechanical, industrial and bioengineering
field.
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