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Abstract: The use of fiber-reinforced polymer (FRP) composite materials are continuously growing in
civil infrastructure due to their high strength, low weight, and manufacturing flexibility. However, FRP
is characterized by sudden failure and lacks ductility. When used in construction, gradual failure of
FRP components is desired to avoid catastrophic structural collapse. Due to its mechanical orthotropy,
the behavior of FRP relies significantly on fiber orientation and stacking sequence. In this paper,
a novel multi-angled glass fiber reinforced polymer (GFRP) composite laminate showing pseudo
ductile behavior is produced using 3D-printing. This is accomplished by varying fiber orientation
angles, stacking sequence, and thickness of lamina. Single-angled GFRP composite specimens were
3D-printed with different fiber orientation angles of 0°, 12°, 24°, 30°, 45°, and 90° using continuous
and fused filament techniques. The tension test results of the single-angled specimens were then
used to aid the design of multi-angled laminate for potential progressive failure behavior. A 3D finite
element (FE) model was developed to predict the response of the experimental results and to provide
insight into the failure mechanism of the multi-angled laminate. The experimental observations
and the FE simulations show the possibility of producing pseudo ductile FRP-by-design composite
using 3D-printing technology, which leads the way to fabricate next-generation composites for
civil infrastructure.

Keywords: FRP; composite; 3D-printing; fiber orientations; finite element model

1. Introduction

Steel is widely used in the construction, automotive, and airplane industries due to its remarkable
ductility. However, steel corrosion is a multi-billion-dollar challenge that creates a vicious cycle
of maintenance, repair, and replacement in infrastructure. Fiber-reinforced polymers (FRP) are
high-strength materials that were introduced in the middle of the 20th century for aerospace applications.
Despite its relatively high initial cost, FRP found their way to construction industries due to its
lightweight, durability, and immunity to corrosion [1-4]. However, the mechanical behavior of FRP
composites is typically anisotropic, which results in a variety of complex failures [5]. The structural
design of components is based on a ‘fail-safe” concept that requires elements to give a warning prior to
failure to prevent catastrophes. FRP composites with monotype fibers do not address this criterion
and, thus, abrupt structural failure with little to no warning can occur. The lack of ductility in FRP
hinders their widespread use in civil infrastructure.

To overcome such shortcomings, hybrid FRP composites incorporating two or more fibers
have been studied. The tensile properties of hybrid FRP composites were reported, which were
created using glass, carbon, and Kevlar fibers arranged in an interlayer or layer-by-layer, intralayer,
yarn-by-yarn and intra-yarn, or fiber-by-fiber [6]. Characteristic load drops obtained from experimental
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testing were reported in hybrid FRP composites [7]. Several efforts were also made to achieve a
pseudo-ductile behavior in hybrid composites to obtain a gradual load drop instead of multiple sharp
load drops [6,8-13]. However, the degree of dispersion of fibers governed the performance and
failure strain of hybrid FRP [6,7]. Alternative ways to achieve high failure strain were investigated by
combining brittle and ductile fibers. High strains up to 18% were achieved at very low load-carrying
capacities due to the sudden failure of the brittle fibers [14]. Additionally, the fabrication methods
were very challenging.

The current study demonstrates the possibility of achieving characteristic progressive failure
in FRP composites consisting of the monotype fiber by controlling the shared stiffness between the
different layers. Engineering the shared stiffness is achieved by designing fiber layer thickness,
fiber orientations, and stacking sequence that allow specific stiffness distribution within the FRP
composite. Controlling and fabricating FRP composites with different fiber orientations and varying
layer thickness is cumbersome when using traditional fabrication methods such as hand layup
technique, compression molding, injection molding, and vacuum-assisted methods [15-17]. Therefore,
3D-printing with continuous fiber printing technology at different orientations is used to produce the
new design of FRP composites in this study.

3D-printing technology or additive manufacturing has been in use extensively to fabricate
non-reinforced and reinforced polymer composites [18-29]. Alternatively known as Rapid Prototyping
(RP), the manufacturing process in 3D-printing involves producing components created from
computer-aided design (CAD). Several categories in 3D-printing exist such as Fused Deposition
Modeling (FDM), Stereolithography (STL), Selective Laser Melting (SLM), and Laminated Object
Manufacturing (LOM) [30]. FDM is a leading technique achieved through the layer-by-layer deposition
of material in the form of a filament extruded through a nozzle [26]. The layer-by-layer approach in
3D-printing allows component building with complex tailor-made geometries for wide applications [27].
For improved mechanical performance and excellent functionality, polymer matrix components are
3D-printed with fiber reinforcement [28]. Demand for such high performing fiber-reinforced 3D-printed
parts has led to advancements in 3D-printing technology toward continuous filament fabrication
(CFF) [19] for printing fiberglass filament and fused filament fabrication (FFF) [31]. Improved
mechanical performance was achieved with an increased volume of fiber reinforcement in 3D-printed
specimens with continuous fiber reinforcement [30]. In this study, the mechanical behavior of
3D-printed glass fiber reinforced polymer (GFRP) composites with multiple fiber orientations and
varying layer thickness is evaluated experimentally. 3D-printing slicing software allows controlling
the placement of fiber, fiber orientation, and sequence of the FRP laminate, which is needed for this
study. Failure mechanics and tensile behavior are further studied by developing a 3D finite element
(FE) model. Comparisons between the FE model and experimental data were performed to aid further
understanding of progressive failure.

2. Experimental Procedures

2.1. Materials

FRP composites with discrete fiber orientation were 3D-printed using fiberglass and a thermoplastic
filament. The fiberglass spool used was 150 cc with a melting temperature of 229 °C. A 50 cc Nylon-based
thermoplastic spool was used with a melting temperature of 273 °C, and it was printed with 100% infill
density to minimize voids. Markforged™ 3D-printer and filament spools were used. The thermoplastic
material was used for printing one layer of floor and roof along with wall supports, which are necessary
to ensure stability during 3D-printing. Fiberglass filaments were used for printing intermediate layers
with discrete fiber orientations in the 3D-printed FRP composite laminate. The complete printing
process, including part preparation, 3D model import from AutoCAD and slicing, was controlled using
the 3D-printing software. Eiger™ is reported by others [30].
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2.2. 3D-Printing and Specimen Preparation

Two sets of 3D-printed specimens reinforced with glass fibers were produced. The first set,
‘single-angled 3D-printed GFRP composite’, consisted of GFRP specimens 3D-printed at each discrete
fiber orientation of 0°, 12°, 24°, 30°, 45°, and 90° following ASTM D3039 test standards [32].
The single-angled composites were 3D-printed with a 140-mm gauge length and 15-mm width
as 10-layer symmetric balanced layers, i.e., eight layers of glass fiber and two layers of thermoplastic as
floor and roof of the composite. The symmetrically balanced layup is utilized to eliminate in-plane
and out-of-plane coupling and eliminate in-plane tension-shear coupling during tensile testing [33].
The second set, ‘multi-angled 3-D printed GFRP composites’, consisted of GFRP tension test specimens
3D-printed with a stacking sequence of multiple fiber orientations and thicknesses. The multi-angled
composites were 3D-printed with a 140-mm gauge length and a 15-mm width as 23 layers of glass fiber
and two layers of thermoplastic as floor and roof of the composites. The printing process is illustrated
in Figure 1.

Thermoplastic filament
— Continuous
fiber %
Thermoplastic Spool k3 Fiber Spobl
Thermoplastic ——Fiber Nozzle

Nozzle
Y tZ
%X Specimen Print bed

Figure 1. Schematic of the 3D-printing process.

The printer operates at a fixed layer height of 0.1 mm for fiber-reinforced parts. Therefore, for
the single-angled 3D-printed GFRP composites (Set 1), the thickness rounds up to 1 mm, and for the
multi-angled 3D-printed GFRP composites (Set 2), the thickness rounds up to 2.5 mm. The layup of
single-angled 3D-printed GFRP composites (Set 1) is shown in Table 1.

Table 1. 3D-printing sequence in the single-angled 3D-printed glass fiber reinforced polymer (GFRP)
composites (Set 1).

Fiber Orientation

Specimen No. Specimen Notation
Layers 2,4, 6,8 1 Layers 3,5,7,9 1

1 0° 0 0°

2 +12° 12° —12°
3 +24° 240 _og°
4 +30° 30° -30°
5 +45° 45° —45°
6 +90° 90° -90°

! Layer 1 and 10 are thermoplastic floor and roof of the composite.

In Table 1, the layer numbers indicate a printing sequence during manufacturing. Layer 1 is
the first layer that is printed on the bed and then layer 2 and so on. In addition to the two sets of
GFRP specimens, five thermoplastic specimens were also prepared according to the ASTM D638 test
standard. Type IV specimen dimensions were used [34]. The internal view of 3D-printing patterns of
thermoplastic specimens and fiber orientations are shown in Figure 2.
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90°

Figure 2. Internal view of 3D-printed layers (a) thermoplastic specimen (b) fiber orientations.

For the multi-angled 3D-printed GFRP composites (Set 2), the layer thickness for each fiber
orientation was selected based on axial stiffness analysis to maintain appropriate load sharing ratios
among all layers at different load levels. The axial stiffness for different layers was obtained from
single-angled 3D-printed GFRP composites (Set 1) tension test results. Appropriate load sharing ratios,
as shown in Equations (1) and (2), guarantee gradual load transfer between different layers and could
subsequently result in progressive failure of the multi-angled composite.

EA
Load sharing ratio and initial load stage = 1\(1 L }ZZA , (1)
Z1:1 T)l
(%),
Load sharing ratio and peak load stage = —514 2)

The length of the layer, L, is constant for all layers, which brings Equations (1) and (2) to their final
form, as shown in Equations (3) and (4).

EA);
Load sharing ratio and initial load stage = Z\S—)l, 3)
ie1 (EA);
. . (EsA);
Load sharing ratio and peak load stage = —————, 4)
Zizl (ESA)i

In the above equations, E is the initial modulus, Eg is the secant modulus, A is the area of
cross-section, the product EA is the axial stiffness, N is the total number of layers, and i is the layer
number. To maintain the appropriate axial stiffness ratio at different load levels, the initial modulus
was used to calculate the axial stiffness ratio in the initial stage, while the secant modulus was used to
calculate the axial stiffness at the peak load stage [35]. Using the above approach, one multi-angled
3D-printed GFRP composites (Set 2) design was used with the following stacking sequence for
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fiberglass layers: Fiber orientation (number of laminas): +45° (7)/+30° (2)/+£24° (2)/12° (1)/+24° (2)/+30°
(2)/+£45° (7), as schematically shown in Figure 3. Laminate nomenclature is based on Reference [36].
The load sharing analysis for the multi-angled 3D-printed GFRP composite (Set 2) is presented in the
Results section. The stacking sequence is selected to achieve the gradual transition of fiber orientation
through-thickness of the composite plate while maintaining the symmetry of the composite plate.
The printing sequence is listed in Table 2 and the layup is schematically presented in Figure 3.

}- Symmetric

Transverse

Printing direction

& direction
-45°
+45° t
-45°
+45°

Thermoplastic Longitudinal direction

Figure 3. Schematic of 3D-printing sequence of multi-angled 3D-printed glass fiber reinforced polymer
(GFRP) composites (Set 2).

Table 2. 3D-printing sequence in the multi-angled 3D-printed glass fiber reinforced polymer (GFRP)
composites (Set 2).

Notation Fiber Orientation Layer Numbers !
04 —45° 2,4,6,8,18,20,22,24
—04 45° 3,5,7,19,21,23
03 30° 9,17
—-03 -30° 10, 16
02 24° 11,15
-0, —24° 12,14
01 12° 13

! Layer 1 and 25 are the thermoplastic floor and roof of the composite, respectively.

Prior to printing, the print bed was cleaned of any debris, and the area to be used for printing
was prepared with glue to stick the printed laminates to the bed. To 3D-print, the two sets of GFRP
specimens, the nozzle for thermoplastic filaments was first heated to 273 °C, and then the thermoplastic
material was extruded onto the printer bed to serve as the floor for subsequent layers. This step was
followed by the extrusion of the fiberglass filaments after heating the nozzle for fiberglass filaments to
229 °C. The fiberglass filaments were extruded continuously onto the thermoplastic floor with mild
pressure applied by the nozzle. For the printing of the thermoplastic specimens, a similar process was
used without printing any layers of fiberglass. The specimens were detached from the print bed with a
flat spatula post completion of the printing.

Upon printing, end tabs were attached to the single-angled 3D-printed GFRP composite (Set 1)
specimens, and the multi-angled 3D-printed GFRP composite (Set 2) specimens to ensure failures
take place in the gauge section and to minimize potential damage due to gripping, as recommended
by ASTM D3039 [32]. The tab material was obtained from a composite plate manufactured using a
vacuum-assisted hand layup technique with two layers of carbon fiber-reinforced polymer that was
made of woven fabric impregnated with epoxy matrix. After 24 h of hardening time and 48 h of the
heat curing process, 56-mm long, 15-mm wide tabs were cut from the plate. This geometry was chosen
to suit the specimen dimensions based on the ASTM D3039 [32]. The tabs were bonded to specimens
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using high-strength super glue generously applied with a uniform bond line. The pressure was applied
on the tabs with steel plates to ensure a good bond, which was removed after 24 h to begin testing.
No tabs were attached to the thermoplastic specimens as per ASTM D638 [34].

2.3. Static Tension Tests

Static tension tests were guided by ASTM D3039 [32]. Five specimens for each fiber orientation
angle were tested for single-angled 3D-printed GFRP composites (Set 1) and five specimens were
tested for multi-angled 3D-printed GFRP composite (Set 2). Static tension tests were guided by ASTM
D638 [34] for five thermoplastic specimens. Specimen width and thickness were measured prior to
testing to obtain an accurate cross-sectional area for the calculation of stress. Strain in the specimens
was recorded using a contact extensometer with a 25.4-mm gauge length. Loading was applied using
MTS® Minnesota Bionex servo-hydraulic system with mechanical grips under a displacement-control
protocol at a rate of 1 mm/min and a sampling rate of 1 Hz. Upon failure, the extensometer was
removed, and pictures were taken to record failure modes.

2.4. Finite Element Modeling

A 3D finite element model was developed using ANSYS® Pennsylvania Parametric Design
Language (APDL) modeling environment to simulate the mechanical behavior of the single-angled
3D-printed GFRP composite (Set 1), the thermoplastic specimens, and the multi-angled 3D-printed
GFRP composite (Set 2). The FE model is established to provide insight of the mechanical response
observed experimentally and to explain the mechanics involved in the progressive failure of a
multi-angled 3D-printed GFRP composite (Set 2). The FE model was 50 mm in length, 12 mm in width,
and 2.5 mm in thickness. The mesh size was 0.5 mm. The model and mesh sizes were selected to
achieve both accuracy and computational efficiency and to avoid possible termination of the simulation
due to element distortion. The composite layers were modeled using eight-node 3D SOLID45 brick
elements. One element was assigned for each layer through-thickness corresponding to the specific
fiber orientation. The element type was selected to enable incorporating both linear and nonlinear
material behaviors using an elastic orthotropic material model and Hill yield criteria for the fiberglass
layers, respectively. The material nonlinearity for the fiberglass layers represents inter-fiber damage
due to matrix micro-cracking and/or fiber/matrix interface debonding. In addition, a multilinear
isotropic hardening material model (MISO) was used to define the material response for thermoplastic
layers to account for the gradual damage due to matrix micro-cracking in the form of plasticity.

In order to capture a complete failure of composite laminas, birth and death features in APDL were
utilized. In this approach, the displacement was applied in small increments, and all the elements were
evaluated against a maximum stress failure criterion. Any element that meets the failure criterion was
considered as a dead element, and its contribution to the FE simulation was minimized by reducing the
stiffness by a factor of 107°. The stress and failure criterion in all neighboring elements were checked
to ensure they did not reach the failure stress level. The updated status for all elements was fed to
the following displacement increment. In the finite element model, a small displacement increment
of 0.012 mm was utilized by specifying a displacement step of 0.06 mm and five sub-steps for every
displacement step. The specified small displacement increments were necessary to ensure that failure
of an element is evaluated very frequently. Moreover, overestimation of the failure stress and ductility
was minimized. In addition, a maximum of 1000 iterations were specified for every displacement
increment to minimize numerical error for predicting nodal forces and deformations. To simulate the
tensile tests, a vertical displacement was applied on the top surface extremity of the finite element
model, and the opposite extremity at the bottom surface was restrained in all directions. To avoid
early failure at ends due to stress singularity at displacement constrains, 3-mm long end regions were
modeled as failure-free zones. The FE model was divided through thicknesses into multiple layers.
One SOLIDA45 element was considered for each layer through thickness. Each layer was assigned
a specific thickness and fiber orientation, 0. A perfect bond was assumed between adjacent layers.
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The geometry of the FE model and the multiple layers with respective thickness for the laminated
composites are shown in Figure 4.

Layer 8: 0.1Imm, 0,

Layer 7: 0.1mm, -0,

Layer 6: 0.1mm, 0,

Layer 5: 0.1mm, -0,

Layer 4: 0.1mm, 0,

Layer 3: 0.4mm, -0,

Layer 2: 0.3mm, 0,

Layer 1: 0.1mm, Thermoplastic

8
g
)
A

12 mm

Figure 4. Finite element model and fiber layup for the multi-angled laminate.

The thermoplastic was modeled as an isotropic material. The elastic modulus (E;1) was obtained
directly from the experimental median stress-strain values of 3D-printed thermoplastic specimens.
Poisson’s ratio (v12) was assumed to be that of typical Nylon material. Failure stresses (S115) and (Syor)
were assumed from the manufacturer’s datasheet [37], and shear failure stress (Sipr) was obtained
from experimental data of 3D-printed thermoplastic specimens in accordance with the ASTM 3518 [38]
test standard. Fiberglass was modeled as nonlinear transversely isotropic material with elastic, plastic,
and strength properties that were determined from the experimental test results of 3D-printed single
angled laminates (Set 1). In particular, the elastic modulus in the fiber direction (E;;) and in the
transverse direction (Ep;) was determined from experimental data of the single-angled 3D-printed
GFRP composite (Set 1) at 0° and 90° fiber orientation in accordance with the ASTM D3039 test
standard [32]. Shear modulus (Gj,) was calculated from the experimental data of the single-angled
3D-printed GFRP composite (Set 1) at 45° fiber orientation in accordance with the ASTM 3518 test
standard [38]. Poisson’s ratio (v1) for fiberglass was assumed to be of typical GFRP material [35]. Hill
yield criterion was used to define the nonlinear behavior of fiberglass material in the fiber, transverse,
and shear directions. No yield stress (S11y) and tangent modulus (E;1y) were assumed in the fiber
direction due to the linearity of the stress-strain curves. Idealized bilinear curves were produced for
experimental data with 90° fiber orientation to obtain yield stress (Syyy) and tangent modulus (Eppy)
in the transverse direction. Shear yield stress (S1py) and tangent modulus (Ejpy) were determined
from bilinear curves produced for shear stress-shear strain data obtained from 45° experimental
data. Failure stresses in the fiber direction (Sq1g) and transverse direction (Sy,r) were determined
from the experimental data of the single-angled 3D-printed GFRP composite (Set 1) at 0° and 90°
fiber orientation. Shear stress at failure was calculated from the experimental data of single-angled
3D-printed GFRP composite (Set 1) at 45° fiber orientation in accordance with the ASTM 3518 test
standard [38]. All the mechanical properties used in the finite element model are listed in Table 6.

All properties are determined after eliminating the contribution of thermoplastic layers. Since
all the single angled 3D-printed GFRP composite specimens (Set 1) had two layers of thermoplastic
already included, properties for the model were calculated by eliminating the contribution of these
two thermoplastic layers. This modified data ensured that elastic, yield, shear, and failure properties
provided in the model are solely for the glass fiber layers at different angles. This method is outlined
using Equations (5)-(10).

6=c¢lLg ®)

(Fo)s =05 A (6)
(Fo')s = (Fo)s — (Fp)s ()
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(Fo')s
0'5, = A (8)
Area, A = tsample Wsample ©)
New area, A= (tsample —b layers of polymer) Wsample (10)

where 6 is the displacement, ¢ is the strain reading from extensometer, Lg is the gauge length measured,
(Fg); is the force at specific displacement in the single-angled composite, o is the stress at the specific
displacement, (Fp); is the force at specific displacement in the thermoplastic specimen, (Fg’); is
the new force evaluation after eliminating the thermoplastic contribution, and o5’ is the new stress
calculated with the new area A’ by eliminating the two thermoplastic layers.

3. Results and Discussion

Single-angled 3D-printed GFRP composite specimens (Set 1) and 3D-printed thermoplastic
specimens were tested up to failure under static tensile loading. The median stress-strain curves for
these specimens are shown in Figure 5. A summary of the experimental results is presented in Table 3.
The thermoplastic specimens had high nonlinearity, and lateral failure was observed in the gauge
area near the middle location. In the GFRP specimens, an apparent decrease in strength and elastic
modulus with the increase in fiber orientation angle is observed. Similar behavior has been reported
in the past [39,40] for GFRP composites with some fiber orientations. GFRP specimens with 0° and
12° fiber orientation showed high linearity to failure. Nonlinearity in the tensile behavior of GFRP
specimens increases with fiber orientation. The median stress-strain curves are shown in Figure 6 and
a summary of the experimental results is presented in Table 3.

700 —
A — - £]2°
600 ! —+24°
/ — - £30°
! - - x45°
500 . Bl
= L Thermoplastic
S 400 / - , S
2
@
=
wn
— - - w
10 15 20
Strain (%)

Figure 5. Median tensile stress-strain curves (out of five specimens) for single-angled 3D-printed GFRP
composite specimens (Set 1) and 3D-printed thermoplastic specimen.
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Table 3. Tensile properties of single-angled 3D-printed GFRP composite specimens (Set 1) and
3D-printed thermoplastic specimens.

Specimens
Properties Plastic
0° +12° +24° +30° +45° +90°
Strength (MPa) 623 + 8.7 320 + 34 233 +18 138 + 37 69 +49 18+2 46 + 0.2
Modulus (GPa) 165+045 14.85+0.7 8+04 54+0.3 2+02 19+03 24+02

Failure Strain (%) 38+0 285+ 0.7 71+0.14 112 +2.8 20+3 38+0 18+15

il
|

(Plastic) (0°) (12°) (24°) (30°) (45°) (90°)

Figure 6. Failure mode for 3D-printed thermoplastic specimen and single-angled 3D-printed GFRP
composite specimens (Set 1).

Failure modes of the GFRP specimens were described per ASTM D3039 [32] as explosive failure
in the gauge area in the middle location (XGM) for 0° fiber orientation specimens, which represented
typical broom-like failure due to the weak interfacial bond between glass fibers and the thermoplastic
matrix [41,42]. Lateral failure in the gauge area in the middle location (LGM) was observed for 45°
fiber orientation specimens showing fiber rupture in multiple superimposed +45° angled planes.
The increasing ductility of 45° fiber orientation specimens can be explained by the homogeneous share
of the applied tensile load between the fibers and the matrix. The thermoplastic layer seemed to
be peeling off, which indicates fiber-matrix interface debonding. Conical structures and pockets in
the middle portion showed evidence of accumulation of damage in the center and consequent crack
formation by pulling out the fibers [39]. Lateral failure in the gauge area in the bottom location (LGB)
for 90° fiber orientation showed a straight rupture edge pulling out of the transverse fibers through the
cross-section of the specimen. Finally, angled failure in the gauge area in the middle location (AGM)
was observed in the specimen with 12° fiber orientation. Minor broom-like failure was observed,
which indicated a limited degree of fiber-matrix interface debonding before fiber fracture occurs. Fiber
rupture was observed with angled failure in the gauge area in the top location (AGT) for 24° fiber
orientation and AGM was observed for 30° fiber orientation. Figure 6 presents the failure modes of the
3D-printed thermoplastic specimens and all the single-angled 3D-printed GFRP composite specimens
(Set 1).

With the results obtained from experimental testing of single-angled 3D-printed GFRP composites
(Set 1) and thermoplastic specimens, axial stiffness ratios for the design of the multi-angled 3D-printed
GFRP composites (Set 2) were evaluated using Equations (3) and (4). Table 4 presents the initial
axial stiffness (EA) ratios varying between a minimum value of 22.3% for 12° fiber orientation and a
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maximum value of 48.0% for 24° fiber orientation. On the other hand, the axial stiffness ratios at peak
load varied between 20.0% for 12° fiber orientation and 35.3% for 24° fiber orientation. The initial axial
stiffness ratios showed a coefficient of variation of 31% between the different orientations, and the
axial stiffness ratios at peak load showed a coefficient of variation of 29% at the peak load. The limited
variation between the axial stiffness ratios is meant to enable gradual load transfer among the layers
and promote progressive failure in the multi-angled 3D-printed GFRP composite specimens (Set 2).
Axial stiffness ratios are presented in Table 4.

Table 4. Axial stiffness ratios as a percentage for layers with different fiber orientations in the
multi-angled 3D-printed GFRP composite specimens (Set 2).

Fiber Orientation

Parameters Units
+12° +24° +30° +45°
Area of 1 layer mm? 15 15 15 15
No. of layers 1 4 4 14
Total area mm? 1.5 6 6 21
Tangent modulus GPa 14.85 8 54 2
Axial stiffness (initial) kN 22.28 48 32.40 42
Secant modulus GPa 13.4 5.8 3.6 1
Axial Stiffness (peak) kN 20 35.3 21.7 21

The stress-strain behavior and failure modes of the multi-angled 3D-printed GFRP composite
specimens (Set 2) are shown in Figure 7. Three distinct drops can be observed, and the damage
corresponding to every stress drop is illustrated in Figure 7a,b. At drop 1, a considerable loss in
capacity was observed in the specimen with partial damage at the top and middle locations of the
specimens. The sudden loss in capacity at the first drop could be attributed to the high strain rate effect
in load transfer between layers, which results in multiple layers failing together rather than failing
sequentially. At drop 2, excessive damage occurred, which led to drop 3 where complete specimen
failure was observed. It is evident from Figure 7 that the behavior of the multi-angled 3D-printed
GFRP composite differs from the single-angled 3D-printed GFRP composite. In particular, the strength
and strains at the failure of discrete fiber orientations are different when tested individually than
when tested in a composite with other fibers at other discrete angles. The multi-angled 3D-printed
GFRP composite does not achieve high strength and high stiffness when compared to traditional
GFRP composites. It is the goal of this study to show the possibility of achieving pseudo-ductility in
3D-printed FRP composites and lead the way to future directions for improvements in strength and
stiffness. A summary of the results of the multi-angled 3D-printed GFRP composite specimens (Set 2)
is presented in Table 5. The stress-strain behavior and failure modes of the multi-angled 3D-printed
GFRP composite specimens (Set 2) are shown in Figure 7.

Table 5. Tensile properties of multi-angled 3D-printed GFRP composite specimens (Set 2).

Specimens
Properties Mean Standard Deviation
1 2 3 4 5
Strength (MPa) 104 99.4 108.8 125 116 110.6 10.1
Modulus (GPa) 3.6 3.1 3.0 2.9 2.7 3.05 0.34

Failure Strain (%) 7.8 5.8 5.7 6.8 4.8 6.18 1.1
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Figure 7. Multi-angled 3D-printed GFRP composite specimens (Set 2). (a) Tensile stress-strain behavior

of all five specimens. (b) Damage corresponding to each stress Drop 1. (¢) Damage corresponding to

each stress Drop 2. (d) Damage corresponding to each stress Drop 3.

The material’s elastic, plastic, and ultimate strength properties for the FE model were obtained from
the experimental data of the single-angled 3D-printed GFRP composite specimens with discrete fiber
orientations of 0°, 90°, and 45°, and thermoplastic specimens. The test results for 0° fiber orientation
specimens were used to determine the mechanical properties in the fiber direction (1-direction) while
the test results for 90° fiber orientation specimens were used to determine the mechanical properties in
the transverse direction (2-direction). Shear properties were obtained from test results for the 45° fiber
orientation single-angled 3D-printed GFRP composite specimen. All the mechanical properties used in

the FE model are listed in Table 6.
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Table 6. Material properties used in the finite element (FE) model.

Elastic Hill Yield Failure
En En  Gp . Sty Sy Sioy Eny By Enpy Sur Saor S12F
(GPa) (GPa) (GPa) 12 (MPa) (MPa) (MPa) (GPa) (GPa) (GPa) (MPa)  (MPa) (MPa)
Fiberglass 19 0.9 0.2 0.25 1000 7 37 15 0.2 0.1 770 13 40
Plastic 2.7 0.39 50 ** 50 ** 23

** Obtained from manufacturer datasheet or literature.

To validate the FE model, the simulation results for the 0°, 90°, and 45° single-angled 3D-printed
GFRP composite specimens and thermoplastic specimens were compared to their experimental results,
as shown in Figure 8.

1000 - - 80
— -0° Experimental median -~
0° Simulation
< 800 260 _7
[ 2. a”
= 600 = = o
< _Z <40 L/
@ -~ @
é 400 _- é )
@ 200 Vs w2 |/ ) _
s / ——45° Experimental median
0 0 — -45° Simulation
0 1 2 3 4 5 0 2 4 6 8 10 12 14 16 18 20
Strain (%) Strain (%)
() (b)
20 — =90° Experimental median S0 [ ——
——90° Simulation 40 S
=15 > = y
m 7 ! m
= 7 = 30
2 10 Py
E |/ fu
@ 5 10
— ~Thermoplastic Experimental median
0 0 ——Thermoplastic Simulation
0 5 10 15 0 5 10 15 20
Strain (%) Strain (%)
(c) (@)

Figure 8. Comparison of stress-strain curves from the experiment and simulation for single-angled
3D-printed GFRP composite with (a) +0°, (b) +45°, (c) £90°, and (d) thermoplastic.

Failure modes of single-angled 3D-printed GFRP specimens with a fiber orientation of 0°, 90°,
and 45° were analyzed. This analysis was performed by considering the middle layer of the model
and observing stress contours at strains before and at failure attributing to their respective mechanical
response. In the composite with 0° fiber orientation, the tensile stress contour in the fiber direction at
4.3% strain shows that the stress slightly exceeds the specified tensile strength in the fiber direction (S11)
by 2%. Following this step, uniform failure is observed throughout the composite layer. In the case of
a composite with 90° fiber orientation, at 4.1% strain, tensile stress contours in the transverse direction
show that the stress slightly exceeds the specified tensile strength in the transverse direction (Syr)
by 3.8%. Following this step, uniform failure is observed throughout the composite layer. The shear
(XY) component of stress was analyzed for the composite with 45° fiber orientation. At 8% strain,
some elements located on a 45° plane experienced high shear stresses slightly exceed the specified
shear strength (S12r) by 0.75%. The failure pattern is observed in the +45° direction. The stress contours
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and failure patterns of the middle layer for the 0°, 90°, and 45° single-angled composite models are
shown in Figure 9.

I

N Failed elements
S;,MAX
39.7 MPa

(©

Figure 9. Failure modes of the finite element model simulations of single-angled 3D-printed GFRP

specimens with (a) 0°, (b) 90°, and (c) 45° fiber orientations.

To gain confidence in the FE model, comparisons were made for the other single-angled 3D-printed
GFRP composite specimens (i.e., at 12°, 24°, and 30° fiber orientation), as depicted by Figure 10.
The comparisons demonstrate the ability of the model to reasonably predict the mechanical response
of the single-angled 3D-printed GFRP composite based on angle rotation for different angles.
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Figure 10. Comparison of stress-strain curves from the experiment and simulation for single-angled
3D-printed GFRP composite with (a) £12°, (b) +24°, and (c) +30°.

The multi-angled 3D-printed GFRP composite model was developed with the thickness and
fiber orientations as presented earlier in Figure 4 with 6; = 12°, 0, = 24°, 03 = 30°, and 04 =
45°. The stress-strain curves obtained from the simulation and the experiment of the multi-angled
3D-printed GFRP composite are shown in Figure 11. It is evident that, prior to the peak, the behavior
of multi-angled 3D-printed GFRP composite is similar in both simulation and experimental testing.
The elastic modulus and the ultimate strength of the multi-angled 3D-printed GFRP composite model
are fairly similar to the experimental observation. This shows that the load share between the layers of
the discrete fiber orientations meets the load share assumed in designing the composite. Therefore,
the concept of load share used in this study for design works well in the linear elastic range.

120 == = Experimental median
e Simulation
100
|
4
= 80 / |
B
= ’ |
" 60 / |
E 7 |
% 40 /
/ |
/ ==
20 /A ‘e - -
|
0
0 2 4 6 8

Strain (%)

Figure 11. Comparison of stress-strain curves of multi-angled 3D-printed GFRP composite specimens,
as observed experimentally and as simulated using the finite element model. Experimental observation
represents the median specimen. All results are shown in Figure 7 and presented in Table 5.
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Some yield-like plateau was observed in the simulation toward the ultimate strength, which was
not observed in the test. The simulation also showed progressive sequential failure, whereas the
experiment showed one sudden large drop in capacity at a strain level lower than that predicted
by the model, which was followed by two other small progressive drops. The difference between
the experimental observations and the FE model could be attributed to the high strain rate effect
in load transfer between layers, which results in multiple layers failing together rather than failing
sequentially. This is not simulated in the FE model. The absence of yield, such as plateau in the
experiment, can be due to layer failure dynamics on adjacent layers and the debonding/delamination
between layers. These effects can result in an early loss in the load capacity of the composite when
compared to the simulation. After drop 1, the higher angled layers such as the 45° layers observed
some debonding from the remaining composite, as shown in Figure 7. This leads to the 45° layers
behaving as a single-angled composite, which allows them to sustain the remaining load capacity
for a considerable strain. This resulted in drop 2 and drop 3. Further investigations are necessary by
implementing transient analysis and considering interface elements to introduce high strain rate effects
between layers.

The strength and strains at the failure of single-angled 3D-printed GFRP composites at discrete
fiber orientations are different when tested individually than when tested in a composite with other
fibers, which is the case of multi-angled 3D-printed GFRP composites. To understand the mechanics
behind these differences, the FE model was utilized for comparing the stress state of layers with the
same fiber orientation in the single-angled and multi-angled composite models at the same strain
levels. Such a comparison reveals that the stress contours in a single-angled composite at the same
strain levels are different when compared to the multi-angled composite. For example, layer 4 with a
30° fiber orientation in the single-angled composite was observed to have very different axial stress
contours in the loading direction (i.e., Y component of stress) at 4.5% strain, when compared with the
multi-angled composite, as demonstrated in Figure 12a,b. The difference in stress contours explains
the difference in the behavior between single-angled 3D-printed GFRP composites and multi-angled
3D-printed GFRP composites, as observed experimentally. The maximum axial stresses observed in
each layer with specific fiber orientation in single-angled composite and multi-angled composite are
presented in Table 7.

Table 7. Axial stresses in single-angled vs. multi-angled composite models for each layer.

Single-Angled Composite Multi-Angled Composite

Layer Fiber Orientation Strain (%) - -
Number or Layer Type Max Stress Min Stress Max Stress Min Stress
(MPa) (MPa) (MPa) (MPa)

8 +12° 2.6 503 279 440 190
6 +24° 45 321 177 396 21
4 +30 45 167 99 305 106
2 +45° 4.5 51 28 63 21
1 Thermoplastic 3.3 38 38 49 4
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Figure 12. Contours for the Y-component of stress for 30° fiber orientation layer at 4.5% strain in a

(a) single-angled GFRP composite and (b) multi-angled GFRP composite and thermoplastic layer at
3.2% strain in a (c) single-angled GFRP composite and (d) multi-angled GFRP composite, as revealed
using the finite element method.

Similarly, for the thermoplastic layer, non-uniform stress contours were observed in a multi-angled
composite with failure observed in some elements. However, in the single-angled composite,
uniform stress was observed in the thermoplastic layer. The strain at failure for the thermoplastic
layer reached 15% based on the FE model result shown in Figure 5. However, in the multi-angled
composite, failure initiation is captured as early as 3.3%, as demonstrated in Figure 12d. The difference
in stress contours for the thermoplastic layer between single-angled and multi-angled composites
could be attributed to the difference in the adjacent layers. In the case of a single-angled composite,
all layers were thermoplastic and behaved similarly under uniaxial load. On the other hand, in the
case of a multi-angled composite, the adjacent layers were fiberglass with fibers oriented at 45°,
which behave differently under a uniaxial load. The mismatch in deformations between the two layers
(i.e., thermoplastic layer and its adjacent layer) due to layer orthotropy and fiber orientation results in
developing interlaminar stresses, which impose additional non-uniform stresses on the two layers.
This causes the thermoplastic layer to fail at a relatively low strain level. Understanding interlaminar
stresses could explain the excessive delamination observed in the multi-angled composite and explains
why the experiment showed a sudden drop in capacity at lower strain compared with the FE model.
This observation suggests that a ductile behavior could be obtained experimentally if interlaminar
strength between layers was engineered to enable separate failure for layers that have different fiber
orientations. Stress contours are shown in Figure 12.

Detailed analysis of the failed elements and layers attributed to the progressive drops in the
stress-strain curve of the multi-angled 3D-printed GFRP composite is performed and presented.
A complete overview of the failure is shown in Figure 13. The stress contours of the different layers are
shown in Figure 13c. In these contours, the grey color represents failed elements at the corresponding
drops illustrated in Figure 13a. The polymer layer observed complete failure at a 3.8% strain with a
negligible drop in capacity. At about 4.75% strain, about one-third of the elements in layer 8 with
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12° fiber orientation failed to lead to the second drop in capacity, which occurred after the peak load.
Extensive failures of layer 7 with —24° fiber orientation and layer 6 with +24° fiber orientation occurred
at about 4.92% strain, which results in the third drop in capacity. Layer 5 with —30° fiber orientation
observed failure of some elements at the 5.00% strain, which causes the fourth drop. Combined failure
for elements in layer 4 with +30° fiber orientation and layer 3 with —45° fiber orientation occurred
at 5.16% strain, which results in the fifth drop. Finally, considerable failure in layer 2 with +45°
fiber orientation took place at 5.26% strain, which leads to the last drop in capacity and concluding
failure of the entire composite. Figure 13b shows a complete set of failed elements in specific layers
corresponding to that of the fiber orientation. The failure of layers with different fiber orientations
was successive due to the assumed perfect bond and ideal load transfer between layers. Considering
delamination in modeling could disturb load transfer between layers and, therefore, could lead to a
separation between the load drops, as observed experimentally.
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Figure 13. (a) Progressive failure in multi-angled 3D-printed GFRP composite, (b) all failed elements in
composite, and (c) failure in each layer after corresponding drops.

It is evident from the above investigation that the combination of fibers at discrete orientations
designed to meet a specific axial stiffness sharing ratio can lead to progressive failure and, thus,
demonstrate a pseudo ductile behavior. It is also evident that this concept can be accomplished using
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3D-printing technology. The study also shows that the high strain rate effects in load transfer between
layers could result in losing a considerable load capacity of the composite at an early stage of damage.
This might be controlled if load transfer between the layers is dampened and an alternative bond
between layers is achieved. Limitations of the above study include the limited number of design
parameters used such as the stacking sequence of the multi-angled 3D-printed GFRP composites.
Additionally, the FE model assumed a perfect bond between layers, which may be further developed
to include the strain rate effect in load transfer between layers. Further research is warranted to
investigate the use of 3D-printed technology to produce ductile FRP composites.

4. Conclusions

It is demonstrated that GFRP composites can show progressive failure and pseudo ductility using
3D-printing technology. This is achieved by integrating a combination of discrete fiber orientations and
stacking sequence using monotype fibers. Tension tests of single-angled 3D-printed GFRP composite
specimens with 0°, 12°, 24°, 30°, 45°, and 90° discrete fiber orientations were carried out and analyzed.
The test data of single-angled 3D-printed GFRP composites were then used to design multi-angled
3D-printed GFRP composites to achieve a desired axial load sharing ratio. Tension tests of multi-angled
3D-printed GFRP composites demonstrated progressive failure and pseudo ductile behavior through
multiple drops in load capacity at different strain levels. The first drop represented a relatively
large drop in capacity. The premature drop in the tension test is attributed to the high strain rate
effects in load transfer between layers. FE analysis was used to provide insight into the behavior
of 3D-printed GFRP composites. Nonlinear orthotropic models with birth and kill approach were
used to simulate the behavior of the 3D-printed GFRP composite with discrete fiber orientations.
The elastic modulus and the ultimate strength of the multi-angled 3D-printed GFRP composite model
were fairly similar to the experimental observation. The FE model for the multi-angled 3D-printed
GFRP composite demonstrated successive drops in load capacity and gradual load transfer between
layers. The main difference between the experimental and computational simulation is attributed to
the fact that the model does not include the high strain rate effect and assumes a perfect bond between
the layers. Nevertheless, the model shows that the load share between the layers meets the design
concept and illustrates that a pseudo ductile behavior is attainable. Future investigations on the effect
of interlaminar bond strength controlled via 3-D printing and on possible control of load transfer
dynamics are suggested to improve the ductility of the multi-angled 3D-printed GFRP composites.

5. Patents

The current study is based on US patent No. US 10,337,186 B2 entitled Ductile Fiber Reinforced
Polymer Plates and Bars Using Monotype Fibers [6].
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