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Abstract

A new type of interpenetrating phase composite (IPC) is introduced in this work. The composite has a
reinforcement phase designed mathematically based on Schwartz Primitive (P) triply periodic minimal
surfaces (TPMS). The P-TPMS based IPC was fabricated using the technique of Polyjet 3D printing.
Scanning electron microscopy (SEM) was used to assess the quality of printing. Periodicity, aging, and
anisotropy effects on the mechanical properties were investigated. The experimental results obtained showed
that at least two unit cells are required to obtain the effective mechanical properties. The samples proved to
be very sensitive to aging effect and printing direction.

1. Introduction

The importance of composite materials lies in their ability to combine the properties of their constituents.
Their properties can be tailored to fit the desired application. Engineers have tried for long to emulate the
multi-functionality offered by biomaterials [1-12], the lightweight human bone for instance provides the
necessary strength to support the human body. Similarly, the very soft molluscans are protected by the ultra-
light, yet strong, coiled-shell to which they are attached. In this work, a new mathematically-developed
three-dimensional (3D) reinforcements for composites, which are found in nature, based on triply periodic
minimal surfaces (TPMS) is introduced. TPMS are mathematically designed non-self-intersecting surfaces
that are intertwined in 3D space and locally minimize surface area. Such surfaces can be observed in soap
films formed in rigid frames and nature species [13]. These new periodic architectures have properties that
are controlled by their engineered geometry (topology) rather than by atomic composition alone.

The fabrication of highly complex interconnected structures was a challenge that faced engineers for long
because of the limitations in traditional manufacturing processes. Yet the need to mimic the topologies of
bio-inspired materials was significant, for they offer a wide range of multi-functionality. Recent advances
in fabrication methods not only facilitated the fabrication of complex structures but also insured high levels
of control over the quality of these parts. Additive manufacturing, commonly known as 3D printing, has
lately gained much attention for being a large umbrella covering many possible industrial applications.
Recently, 3D printing has provided a successful large scale cost-effective industrialized approach in several
engineering areas [14].

In this work, the well-known Schwarz Primitive (P) TPMS (Figure 1) is used as a single, continuous,

gsmooth-curved, thin shell, hard material reinforcement phase in the IPC, where the matrix is a soft obedient
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is defined as a curved solid surface structure that supports external loads mainly through coplanar stresses
[15]; therefore, it is anticipated that when shells take the form of the P-TPMS an improved resistance to
external loads is achieved.

a) b)

Figure 1: a) CAD file of the P-IPC and b) fabricated P-IPC-sample.

The following sections will be arranged as follow: first the design and fabrication of the IPC is discussed in
the second section. The third section presents the experimental setup. Fourth and fifth sections are dedicated
for the discussion of the results and the conclusions, respectively.

2. Design and Fabrication

The mathematical-based P-IPC structure was first designed in a computer aided design (CAD) software.
The CAD file was then exported as stereolothography file (STL) and sliced to layers with 16um thickness
ready to be printed using Polyjet technology 3D printing in the Connex 260 3D printer from Stratasys which
permits simultaneous printing of two different materials. For that purpose, TangoPlus (a soft rubbery
material) was used as the matrix and Verowhite (a rigid opaque photopolymer) was used as the
reinforcement phase. Both materials were injected and were cured by UV light. The mechanical properties
of these materials are presented in Table 1.

Table 1: Summary of mechanical properties of base materials in printing direction [16].

N~ Material Young's Modulus  Ultimate compressive  Strain at Toughness

5 [MPa] strength [MPa] failure [J/ms]

¥ Tango-Plus 0.3427 1.04 0.57 0.1894

9 Vero-white 1191 77.7 0.45 20.64
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o 3. Experimental Setup

o]

% The linear and nonlinear mechanical properties are evaluated. First, 3 samples at least of P-IPC with single,

»double and 3x3x3 repeated unit cells are tested to assess the periodicity. Samples were then tested in two
£directions, parallel to the printing direction and perpendicular to the printing direction to assess the
Lanisotropy introduced by 3D printing. Finally aging effect was investigated, where samples were left at room

Excerpt



ECCM17 - 17t European Conference on Composite Materials
Munich, Germany, 26-30™ June 2016 3

conditions for 1, 17 and 60 days then tested in compression using the universal testing machine Instron with
a strain rate of 0.001 /s.

4. Results and Discussion

First, the P-IPC with reinforcement volume fraction of 5% was tested with two periodicities, where the unit
cell with a size of L=10 mm, is repeated periodically on the three Cartesian directions, producing 8 and 27
unit cells for the 2x2x2 and 3x3x3 cases, respectively.

According to testing results (see Figure 2) the behavior is altered significantly when periodicity is invoked.
In fact, the P_IPC with single unit cell(1x1x1) was investigated by [16] with no emphasis on the periodicity
and its impact on the effective properties. The 1x1x1 (1 unit cell) Young’s modulus is lower by 52% and
51.5% than 2x2x2 (8 unit cells) and 3x3x3 (27 unit cells) cases respectively. In addition, the Young’s
modulus of 2x2x2 and 3x3x3 cases are different only by 2%, which indicates that both periodicities exhibits
comparable elastic region. Whereas for inelastic properties, 1x1x1 case produced 63% higher ultimate
compressive strength in comparison to 2x2x2 and 3x3x3 cases. This implies that the interface region where
unit cells link, which was invoked by periodicity are susceptible to cracking and might be the reason for the
reduction in strength. The 2x2x2 and 3x3x3 exhibited almost comparable ultimate compressive strengths
(15% difference). Identifying the point of failure was challenging in all the three cases (1x1x1, 2x2x2, and
3x3x3). The structure demonstrated a significant reduction in strength around a strain of 0.55, where the
structure lost its geometrical integrity and densification started. The ability of absorbing energy (toughness)
appears to be less sensitive to periodicity, reporting a maximum of 12 % difference.
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Figure 2 P-IPC with periodicity of 1 unit cell ,8 unit cells(2x2x2) and 27 unit cells (3x3x3) and their
mechanical properties.

N 978-3-00-053387-7

%Aging effect on the mechanical properties of the P-IPC was investigated. Samples with 10% reinforcement
‘= volume fraction were kept at room conditions for 1day, 17days and 60days. The stress-strain curves for the
O different aged samples are plotted in Figure 3. An obvious drop in elastic properties can be observed; elastic
~g_modulus decreased by 21% after 17 days as compared to 1 day and further decreased by 42% after 60 days
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as compared to 1 day. The yield stress also decreases by 40% and 46% for 17 days and 60 days, respectively,
as compared to the 1 day. The maximum strength reduced dramatically (by 36%) after 17 days and no further
reduction is observed in the samples aged for 60 days. Overall a noticeable reduction in the mechanical
properties is observed with age.
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Figure 3: Aging effect on the mechanical response of the P-IPC.

After checking the periodicity and aging effects, 3x3x3 samples with 10% reinforcement volume fraction
were tested in two directions; parallel and perpendicular to the printing direction to assess the anisotropy
introduced by 3D printing. The anisotropy introduced due to printing is significant as can be seen in Figure
4, where a large drop in the mechanical properties is observed when testing in a direction perpendicular to
the printing direction. It should be noted here that in Polyjet 3D printing, each layer is added on the previous
one along a certain axis, leading to an oriented configuration for voids in the microstructure. This
phenomenon can be clearly seen in the SEM images taken for the reinforcing phase separately (see Figure
5). The images show clear microscale separation between layers in the printing direction. This orientation
configuration results in the anisotropic behavior of printed samples. Another factor that contributes to the
anisotropic behavior is the arrangement of UV bulb in the printers as they are set such that the top of created
layers parallel to UV bulbs absorbs more light energy than the side (or the thickness) surface. Therefore, the
~-top printed layer hardens (cures) much more and leads to this anisotropic behavior[17].

Excerpt from ISBN 978-3-00-053387
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Parallel to printing direction
-------- Perpendicular to printing direction
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Figure 4: P-IPC tested in two directions; parallel to the printing direction and perpendicular to the printing
direction.
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Figure 5: SEM images showing the directionality effect of the 3D printing.
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After assessing the quality of printing, periodicity, aging, and anisotropy effects on the mechanical
properties, samples were printed with different reinforcing volume fractions; 5%, 10% and 15%. The
samples were fabricated and kept at room conditions for 7 days. They were then tested under compression
and the results are presented in Figure 1. The results show improved mechanical properties with increasing
the volume fraction of the reinforcing phase. The Young’s modulus of the IPC with 5% reinforcing phase
is 10 times larger than that of the Tango-plus matrix material with no reinforcement. At this volume fraction,
linear elastic trend can be seen followed by a plateau stress. In fact, at the plateau stress, localized fractures
are observed and can be noted in the stress-strain curve in the form of noise. At volume fraction of =~ 10%,
the stress-strain curve shows a more distinct linear elastic trend until a yield stress value is reached, after
which a post yield hardening starts to take place until the stress level reaches its maximum. After the
maximum strength is reached, cracks start to take place. A deterioration in the mechanical properties is
observed after the maximum strength is reached and is related to the loss of stiffness associated with
localized fracture events. The last stage in the curve is the densification of the two phases due to high levels
of deformation. At volume fractions of 15%, the shape of the stress-stain curve remains similar; however,
the Young’s modulus, maximum strength and toughness increase. The mechanical properties at the three
different reinforcing volume fractions are presented in Table 2.
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Figure 6: Typical stress strain curve for the IPC with different reinforcing volume fractions.

Table 2: Mechanical properties of the P-IPC for the 3 different volume fractions of the reinforcing phase.
Volume Young’s modulus Toughness Maximum strength Yield stress
fraction (MPa) (j/md) (MPa) (MPa)

10% 17.2 1.077 2.82 0.71
15% 28.0 1.439 4.36 1.38
24% 72.7 2.180 4.83 3.47

gThe P-IPC was compared with the traditional particle reinforced composite, using the same matrix and
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reinforcement materials and aging time. The particle reinforced composites consisted of a single unit cell

Bwith cubic lattice structure repeated 3x3x3 and the volume fraction was controlled by varying the radius of
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the particle. The stress strain curves of the particle reinforced composites are shown in Figure 7. It is very
clear that the P- IPC outperforms the traditional particle reinforced composite. The continuous nature of the
IPC throughout the matrix body triggers the strain sharing mechanism between the two phases, meaning
that (unlike the particle reinforced composite) both phases undergo the same strain levels at the same time,
which maximizes the use of the reinforcing phase to carry and transfer the load.
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Figure 7: Typical stress strain curves for particle reinforced composite with different reinforcement
volume fractions.

5. Conclusions

In summary, we have introduced and mechanically investigated a new and novel type of advanced
interpenetrating phase composite where the matrix is reinforced with a single, continuous, smooth-curved,
thin shell, hard material possessing the topology of Schwarz Primitive TPMS. The experimental results
obtained showed that at least two unit cells are required to obtain the effective mechanical properties.
However, the samples proved to be very sensitive to aging effect, where a big reduction in the overall
mechanical properties was observed with time. The polyjet technology additive manufacturing that was used
to print the samples introduced a directionality effect such that it was concluded that testing in the direction
parallel to printing direction give better mechanical properties compared to the transverse direction due to
the de-bonding of the printed layers and formation of cracks. The new IPC outperformed the traditional
 particle reinforced composites.
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