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MECHANICAL BEHAVIORS OF ADDITIVELY MANUFACTURED
FIBER-REINFORCED THERMOPLASTIC COMPOSITES

YU-CHAO SHIH
MATERIALS ENGINEERING
ABSTRACT

Additive manufacturing (AM) technologies are advantageous in small-batch man-
ufacturing and prototyping functional parts, due to their cost-effectiveness and customiza-
bility. Using fiber-reinforced plastic composites (FRP) in extrusion-based AM can signifi-
cantly improve the mechanical properties compared to neat thermoplastic. However, the
two-fold anisotropy introduced by the multiple constituent materials and the layer-by-
layer mesostructure can introduce undesired structural weaknesses. Investigating the me-
chanical behavior and failure mechanism is the key to understanding the synergistic ef-

fect of the constituents in FRP and assessing the structural integrity of AM-made FRP.

This research work aims to experimentally, analytically, and numerically assess
the mechanical behaviors of AM composite to aid in developing parts with better perfor-
mance. Different loading scenarios were studied, including tensile, sing-lap shear, flex-
ural, and mode I fracture. The failure mechanisms were identified with respect to the
structural anisotropy using microscope and numerical simulation. Three studies were pre-
sented to address the effects of material and geometrical nonlinearity on the mechanical
behavior of AM-made continuous and discontinuous fiber-reinforced polyamide-based

thermoplastic composites.

The effects of fiber orientation on tensile responses for the continuous and discon-

tinuous FRP composites were first evaluated. The mechanical responses were
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systematically evaluated, incorporating seven reinforcing strategies for two continuous
FRP materials: continuous glass and carbon fiber. The mechanical behavior of the aniso-
tropic FRP under large deformation was successfully simulated using finite element anal-
ysis. Fracture morphologies of the samples were observed with microscope and analyzed

with the corresponding reinforcing strategies in a case-by-case manner.

A single-lap shear configuration was also designed and printed to investigate the
mechanical behavior of AM composites under shear stress. Its failure mechanisms were
evaluated using fractography to understand the complex stress field caused by the fiber
orientation between interfaces. The stress distribution over the bonding interfaces was
modeled and correlated to the observed fracture mode. Finally, a series of double cantile-
ver beam samples were printed and tested to assess the interlaminar bonding based on
fracture mechanics methodologies. The crack-initiation mode I fracture toughness (Gic)
value for two continuous FRP was presented. The Gic for crack propagation was also re-
ported and was found to correspond to geometrical anomalies such as fiber bridging and

beam bending.

Keywords: Additive manufacturing, fused filament fabrication, fiber-reinforced compo-

sites, mechanical behavior, failure mechanism, fracture toughness
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INTRODUCTION

A composite material comprises of at least two distinctive constituents bonded to-
gether, in which those constituents work synergistically to achieve high strength and ri-
gidity [1]. The composite material is widely used in energy and aviation industries owing
to its high specific modulus and strength for lightweight structure [2]. Continuous fiber-
reinforced thermoplastic (CFRTP) composite excels as a structural material because it
provides outstanding specific strength, great toughness, reasonable maintenance cost, and
exceptional customizability [3]. Automation for CFRTP composite manufacturing has
been widespread to promote the productivity and quality of the products by reducing pro-
cessing time and retaining optimal morphologies for performance. One of the newer auto-

mated manufacturing processes is additive manufacturing (AM) technology.

AM was first developed in the 1860s for rapid prototyping purposes to deliver
replicas of three-dimensional models, and it was later commercialized during the 1980s
[4]. The layer-by-layer nature of AM objects originated from the principle of production
by accumulating materials with linear and laminar deposition onto the build surface [3,5-
7]. The modular nature of AM technologies correlates well with close-loop pollution con-
trol, which is well-sought by governing bodies around the globe for sustainable economic
growth. AM is also believed to be the next centerpiece of the industrial 4.0 revolution [8]
because of its highly digitized workflow. Although polymers have the largest market

share by materials type in 2021 [4], their poor structural performance is a significant



barrier to implementing polymer AM in demanding applications. In light of the perfor-
mance in the need for polymer AM, using fiber as reinforcements to manufacture CFRTP
was increasingly common. CFRTP composite components can be manufactured on-de-
mand and on-site with extrusion-based AM technologies [9,10], such as fused filament
fabrication (FFF), to deliver performance-driven engineering design in small quantities

with high flexibility.

This work focuses on studying the mechanical behavior of additively manufac-
tured fiber-reinforced plastic (AMFRP) composite materials with different configurations
under different stress scenarios to provide process-structure-property knowledge, enhance
product performance, and avoid faulty designs that could fail prematurely. Mechanical
failure of materials is a multi-scale phenomenon governed by a collection of disintegra-
tion mechanisms across nucleation of microscopic defects, coalescence of mesostructured
cavities, and macroscopic deformation of the body that enables sudden decohesion of ma-
terials caused by concentrated stresses. The lack of robust criteria to predict and prevent
failure has been the limiting factor for composite applications to achieve their full poten-
tial [2]. It is at the forefront of the research to develop generalized formulations based on
physical observations [11,12]. Many analytical and numerical tools were implemented to
analyze the failure behavior of CFRTP to validate the flightworthiness of composite com-
ponents in aeronautic applications [13-16] and other lightweight applications [14,17].
Analysis of mechanical behavior generally starts with a series of monotonic mechanical
tests on simple geometries to gather baseline properties, followed by identification of
fracture mode and stress field from numerical simulation to aid in analysis at the part

design level.



The anisotropic mechanical responses of AMFRP composite structures were in-
vestigated to evaluate the dependence of the mechanical behavior regarding the reinforc-
ing strategies, such as concentric reinforcement, fiber volume fraction, fiber orientation,
and infill percentage. Test specimens of tensile test, single-lap joint shear test, double
cantilever beam test, and three-point-bending flexural test were produced by a fused
filament fabrication (FFF) printer with filament feedstock materials, including a matrix
material of polyamide-based thermoplastic reinforced with chopped carbon fiber and two
composite feedstocks reinforced by continuous carbon fiber and continuous glass fiber.
The mechanical tests were performed, and the resulting microscopic and fractographic
images were analyzed to identify the critical failure mechanisms of those AMFRP sam-
ples. In addition, modeling was carried out on those samples to further explain the me-
chanical behaviors of the AMFRP composites. The nonlinear responses of AMFRP com-
posites were modeled numerically and analytically with representative ply properties and
a strain-based failure criterion. Statistics were introduced to quantify and visualize the
effect of fiber orientation on their resulting mechanical responses. The establishment of
AMFRP failure analysis was evaluated under the framework of beam analysis, laminated

theorem, and fracture mechanics.

Additive Manufacturing
Additive manufacturing, or rapid prototyping (RP), is a trending technology for
its compact modular design, precise and customizable deposition to produce perfor-
mance-driven objects, and outstanding waste and pollution control in the process [18]. It

is also called 3D printing, which is denoted by replicating objects with a typography-like



process in two-dimensional ink deposition. Research on additive manufacturing has been
spotlighted and funded extensively by world-leading countries [19]. It has the potential to
revolutionize manufacturing and enable technology to help deploy novel materials on
advanced applications [19,20]. The history of AM can be traced back as early as the late
19th century when photosculpture was proposed by Francois Willeme of France in 1860
to replicate a three-dimensional object [21]. Stereolithography (SLA) was the first pa-

tented modern AM technology in 1986 by 3d Systems [22].

AM is a fabrication method for producing three-dimensional objects by material
deposition and accumulation, for which traces and layers of material are chemically or
physically bonded. A CAD design is first developed using 3D CAE software, and the slic-
ing software is used to generate the toolpath for 3D printing of the design [18]. The fabri-
cation process is managed with material or energy deposition by raster movement of the
printing outlet, commonly controlled by a series of programmed G-codes, to guide the
material deposition by the tool path file [6]. AM offers ease of design iteration with mini-
mum tooling requirements, enabling flexibility for shortening product development cy-
cles and in-house research integration. Available materials on the AM printer have been
expanded to a good portfolio that enables direct part manufacturing, including numerous

metal alloys, engineering plastics, biocompatible materials, and FRP composites [23].

Polymer-based single-step AM was categorized in ASTM/ISO 52900:2015 for
additive manufacturing's general principles and terminologies as six subcategories: mate-
rial extrusion (ME), material jetting (MJ), powder bed fusion (PBF), binder jetting (BJ),

sheet lamination (SL), and vat photopolymerization (Vat or SLA). Some advantages and



disadvantages of AM compared to the conventional molding process are summarized in

Table 1 below.

Table 1. Advantages and disadvantages of AM compared to molding processes.

Advantages Disadvantages
Pro- e Low tooling cost e Higher cost for feedstock material
e Short iteration cycle e High cycle time per product
cess e Flexible to change of design e Lack of scalability to drive down
e Low minimum quantity require- cost
ment
Prod- | e Eliminate subassembly e Anisotropy structural performance
e Performance-driven design e Systematic voids result in a lower
uct e Enable structure that cannot oth- structural integrity
erwise be made e Susceptible to structural debond-
ing
e Surface finish is required

Design for Additive Manufacturing

Design for additive manufacturing (DfAM) is bounded by specific sets of manu-
facturing constraints induced by the discontinuity of materials and energy deposition,
which is analogous to design for manufacturing and assembly (DfMA) [24,25] and for
measures to deliver functional components effectively. Research in DFAM connects the
dots in design and manufacturing to account for the procedural factors of each AM
method [26] to the performance outcome. From the material standpoint, design strategies
for additive manufacturing require comprehensive knowledge of the process-structure-
property interrelationship of the materials. Bonding of adjacent deposition of materials
relies on the dynamics of the gradient flow of energy and mass transportation, resulting in
the morphology evolution of the inter-material system. The bonding mechanism between
the lamina and polymer melt directly results from intimate contact and interfacial diffu-

sion driven by temperature gradient, pressure, and material flow [27].



The approach in this study provides a guideline to enable the effectively rein-

forced AMFRP structural designs to account for the dual anisotropy of AMFRP.

Fused Filament Fabrication

Fused filament fabrication (FFF), or fused deposition modeling (FDM), is an
extrusion-based additive manufacturing (EBAM) technology that fabricates a solid object
layer-by-layer with depositions of molten materials. The assembly used for the deposition
of material is generally known as a hot end, comprising a feedstock inlet pipeline guided
by a friction-induced feeding mechanism and a hot extrusion zone composed of a
thermocouple, a heatsink block, thermostats, and an outlet nozzle [6]. Some processing
parameters that were investigated for correlation to the performance of FFF-made objects
include raster angle, printing speed, layer height, and infill percentage [28-30]. The main
shortcoming of FFF is the inherent anisotropic structure, like any other AM technology,
due to the effect of the thermal gradient introduced throughout the deposition process [31].
FFF machines can be equipped with multi-extrusion outlets to fabricate multi-material
composites with control on alternate deposition. EBAM also shares an architecture identi-
cal to other polymer extrusion processes used to manufacture FRP. Therefore, adapting the
well-developed principle of modeling and optimization in other extrusion processes pro-

vides a solid technical foundation for EBAM studies.

Failure in AMFRP
Material engineers and scientists have always highlighted the occurrence of deco-

hesion on physical objects. The efforts to approach an adequate representative criterion for



FRP composites to account for mechanical behaviors in microscopic and macroscopic
scales have been well documented [32]. The primary decohesion mechanisms of FRP com-
posite materials include interply cracking, matrix cracking, interlaminar delamination, and
fiber breakage due to multi-scale anisotropy [33,34]. Microcrack initiation can occur within
the interfacial bonding area between the fiber and matrix of the FRP composite, resulting
in premature failure from incidences of debonding or delamination [35]. Stress-based and
energy-based criteria are two major criteria used in the engineering design assessment [36].
Stress-based criteria can be evaluated with the result of characterization by applying mon-
otonic stresses on materials undergoing specific bounded stresses, such as tensile and com-
pression [37,38]. On the other hand, energy-based criteria can be derived empirically based
on the principle of fracture mechanics, in which the occurrence of fracture can be permitted
once a threshold energy value has been exceeded [39]. Other semi-empirical failure criteria
widely used in FRP composites, such as Tsai-Hill, Tsai-Wu, LaRC, and Hashin, are used
to model the fracture occurrence and guide the structural design of composite fuselages,

body panels, and military jet engines [40].

In addition to the typical failure mode for FRP, crack initiation in AMFRP can also
be promoted from non-homogeneous boundaries from the non-isothermal cooling, unfilled
volume from the printing process, and lack of consolidating pressure. Two principal phys-
ical defects were identified in AMFRP composites: voids and inadequate bonding. The
principle of FDM lies in a controlled tool path to deposit materials and accumulate beads
into lines, lines into lamina, and lamina into the body. The coded raster motion of the
material outlet introduces discontinuous constraining conditions over the stages of melting,

depositing, solidifying, and consolidating. Voids were embedded into the matrix structure



as the extrusion line morphed from the round nozzle to an elliptical shape after extrusion,
while the only constraining factors to the molten filament were the puller, the extruder

nozzle, and the print bed.
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Figure 1. Illustration of extrusion-caused inhomogeneity (a) Extrusion parameters (b)
Tool path parameters.

(Note: From “Fused deposition modeling with polypropylene” by O.S. Carneiro, A.F.
Silva, and R. Gomes, 2015, Materials & Design, 83, p. 9. Copyright 2015 by Elsevier.
Reprinted with permission [41])

[llustrations of the physical defects regarding the processing are shown in Figure
1. Patterned voids would be embedded beneath each string of deposited materials and the
resulting lamina when the material flow solidifies before filling the gaps. Inadequate bond-
ing can happen on the inter-raster, interlayer, and wall-infill interfaces, which would be
prone to debond/decohesion type failure. Critical parameters that could be optimized to
alleviate the formation of physical defects include nozzle diameter, layer height, fan speed,

overlap percentage, and flow compensation multiplier.

The study adopted an integrated approach to examine the failure mechanisms for
the AMFRP structures using fracture analysis, finite element analysis, and microscopic im-
ages. Their correlation to the mechanical responses of the fiber-reinforced plastic undergo-

ing different loading scenarios was evaluated.



Fiber-reinforced Plastic Composites

For decades, FRP composites have been integrated into essential structural compo-
nents to achieve higher energy efficiency for lightweight structures, such as the fuselage
structure for commercial aviation vehicles. The first groundbreaking commercial use of
FRP on the Boeing 787 Dreamliner utilizes more than 50% by weight with carbon fiber
reinforced thermoset plastic composites [42]. Most of the 787 fuselage structures com-
prised laminated CFRP, while some advanced sandwich panels are also used, with their
core made of an aluminum alloy honeycomb structure. To manufacture CFRP composite
parts, the woven or nonwoven fabric was first cut to shape and laid inside the mold to
constitute a laminated pre-form, then subsequently impregnated with the matrix polymer
material via a resin infusion, an over-molding or an autoclave process to combine the con-
stituents. Conventional processing techniques include hand layup, resin transfer molding
(RTM), automated tape placement (ATP), and sheet molding compound (SMC) [1]. CFRP
composites offer direction-catering high specific strength for energy-intensive applications
such as aeronautic vehicles and energy industries. On the contrary, long fiber thermoplastic
(LFT) is another popular option for applications that require endurance for economical
long-term operation and improved mechanical performance [43]. Figure 2 illustrates the

general FRP processes required in a development and manufacturing cycle.



Preliminary Analysis
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Figure 2. A general 5-stage laminated composites manufacturing procedure.

There is an ongoing effort to develop more thermoplastic composites, due to the
concern of a large amount of unrecyclable thermoset composite scrap [44] disposed of
annually. This results in the emerging trend to replace the current state-of-the-art CFRP
made by tough yet not eco-friendly thermosets with more sustainable thermoplastic
composites. CFRTP offers high specific strength, reasonable recyclability, medium impact
resistance, and the ability to tailor application properties. The mechanics of composite
materials are somehow complex as they are anisotropic materials, while in most cases, they
can be simplified as orthotropic materials for laminated composites for analysis. The inter-
facial bonding quality is essential in the overall performance as the debonding between

constituents can result in premature failure.

Interest in studies in AMFRP has been increasing in recent years [5,45,46] for the
opportunity to manufacture CFRP using compact EBAM machines for any engineering

facility. During the FFF process, the fiber length in FRP is preserved with low shear forces,
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providing good strength for FRP composites [43]. Another advantage of using FFF is that
it enables a higher degree of fiber alignment for discontinuous FRP to improve the com-
posite's mechanical properties [7]. The surface treatment, conformity, wettability, defects,

voids, and diffusion all contribute to the performance of the AM products.

The approach used in this study effectively created an FRP composite structure
composed of two distinctive fiber-reinforced plastics, namely a discontinuous fiber-rein-
forced thermoplastic and a continuous fiber-reinforced thermoplastic filament. The syner-
gistic effects of the combination regarding their non-trivial mechanical responses were

investigated.

Classical Laminated Theorem
Classical laminated theorem (CLT) is used extensively in modeling the stiffness
matrix and other material constants for composite materials that normally have anisotropic
material properties. The properties required by the numerical modeling [1] evaluation can

also be partially derived with analytical models with minimal mechanical testing.

A general notation to predict elastic constant for an orthotropic lamina under

plane stress conditions can be expressed as:

Ox Qi1 Qiz 0 7[&
[UJ'] = [Qn Qa O ][52] (1)
Txy 0 0 Q66 Y12

in which Q;; are the elements of the stiffness matrix, oy, gy, Ty, are the principal
stresses in X, y and shear direction, and &4, €,, y1, are the corresponding principal strains.

Off-axis ply properties can be calculated with the coordinate transformation:
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where m = cosf and n = sinf, and the resultant stiffness matrix can be used in
numerical analysis. The lamination theory also defines the following:N,,, = normal force

resultant (per unit width) and M,,,=bending moment resultant, in matrix notation:

Nyy| = [A] |eyy | + [B] |Kyy 4)
ny y)?y kxy
Mxx ggx kxx
Myy | = [B]|&yy | + [D]|Kyy (%)
Mxy y)?y kxy

Each [A], [B], and [D] is a 3x3 matrix for the constituted laminate, which

[A] = extensional stiffness matrix, [B] = coupling stiffness matrix, [D] = bending stiff-

ness matrix, in which the resultant stiffness matrices for a laminated structure is

Amn = Z?Izl(émn)j(h]s - h]?)—l) (6)
2N @) s (R} — RE) (7)
n =3 200 Q) i (B — RE-,) (8)

where N = total number of laminae in the laminate, (Q,;,) ; are the elements in
the [Q] matrix of the jth lamina, hj_1 is the distance from the midplane to the top of the

jth lamina, h; is the distance from the midplane to the bottom of the jth lamina.
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The classic lamination theory could also be written in a more compact form as [1]

Nl-) [Aij Bij] g\ ..

= (L] =xx,yy,x 9

( M) = 1By Dyl\k (i) Yy, Xy) )
The ply-wise material properties can then be approximated and adopted in finite

element analysis to account for the orthotropic properties by the stack-up sequences. The

model can be further corrected with microstructural parameters and data-driven

algorithms [47] to account for geometrical defects and voids.

Implementation of the CLT at a ply level to simulate the mechanical responses of
AMFRP structures was not previously reported. This study developed and implemented a
homogenization method of the material properties at the ply level using empirical data in
FEA to simulate the mechanical response. The CLT was used indirectly in the developed
FEA models to calculate the material properties of the composites with different fiber
configurations. The material properties profile was used as building blocks of the solid

models to conduct structural analysis.

Fracture Mechanics
The principle of fracture mechanics aims to predict mechanical failure when mate-
rial bears one of the three loading conditions: opening (mode I), in-plane shear (mode II),
and out-of-plane shear (mode III). Two distinct yet convertible material properties, the
stress intensity factor K and the strain energy release rate G, are referred to as fracture
toughness, which can be calculated using an expanded version of the principle of

conservation of energy and characterized experimentally. Some noticeable characterization
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methods for mode I, mode II, and mixed-mode I/II fracture toughness are double cantilever

beam (DCB), end-notched flexural (ENF), and mix-mode bending (MMB), respectively.

First started from Griffith's pioneering work, the energy-based fracture mechanics
govern the brittle fracture with the thermodynamic approach [48]. Linear elastic fracture
mechanics (LEFM) was first proposed to model the brittle fracture of concrete [49]. In
response to the energy balance for the incidence of a fracture, the work done by the load is
equivalent to the summation of surface energy to form the new surface area to permit crack
initiation and propagation. Fracture mechanics was developed to model the mechanical
responses without encountering singularity issues in the vicinity of the crack tip. Various
data reduction schemes can be used to calculate fracture parameters as material properties,
including the virtual crack closure technique (VCCT), the J-integral, and the compliance
derivative technique (CDT). LEFM can also be expanded to provide valuable insights into
treating materials that display linear inelasticity, such as functionally graded materials
(FGM) [50], composite materials [51], and elastic film [52]. Although fracture toughness
is widely accepted and applied in structural safety evaluation, high in-group variability can
be observed in the available Gic data for crack propagation [51], showing evidence for the
unsteady nature of the fracture behavior. As a result, the initial fracture toughness is rec-

ommended for design purposes for a higher safety factor [53]

The evidence of the fluctuation of fracture toughness during crack propagation
manifests the occurrence of collateral fracture incidents, such as fiber bridging or plastic
deformation of the beam. Therefore, the propagation fracture toughness is usually
considered geometry and material-specific. The incidents described will be corroborated

with the findings reported in the third study of this dissertation.
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Mechanics of Single-lap Joint

SLJ sample is designed to evaluate the interfacial bonding strength, typically re-
ferred to as the single-lap shear strength [54-56]. The SLJ sample design comprises two
thin beams with an overlapping bonding area, which undergoes tensile loading to find the
shear strength of the adhesion between two lapped bodies. SLJ strength is a function of
many crucial parameters, such as adhesive shear modulus, adhesive layer thickness, ad-
herend tensile modulus, adherend thickness, the overlap length, and tensile stress in ad-
herends away from the joint [57]. The free-body diagram and the equivalent sandwich el-
ement are shown in Figure 3. The critical boundary conditions and terminology illus-
trated include: P is the longitudinal load, M is the edge moment induced by beam deflec-
tion, and V'is the edge shear force. These parameters are essential to constitute analytical
equilibrium in the system to evaluate overall stress status. As adherends outside the
bonded region are marked as sections 1 and 4, the stress analysis is approximated over

the interfaces between sections 2 and 3.

ST T e P

Figure 3. Representative sandwich element and stress resultants to SLJ analysis.
(Adapted from [58])

Under the equivalent sandwich element notation used in classical analytical mod-

els [54,58], the elastic strain energy of the joint is calculated from the equation below
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(10)
where E, G, v represent Young's modulus, shear modulus, and Poisson's ratio of
the sheet material, respectively. Applying the classical expression for infinitesimal
bending of thin cylindrically deformed plates, the resulting moment and shear force

between the adherend and the lap are

My =k= (11)

Vo = kF /M—Tvz)n (12)

_ coshA _ [3a=v¥)c |Ft . .
where k = oAtz 3 Simhn and A = ’ — ’E , M is the bending moment,

and V is the transverse shear force on the adherend.

Load eccentricity can be introduced due to the adherend bending over the unsup-
ported ends, and the additional torque would be present, as shown in Figure 4. The stiftf-
ness centroid over the sandwich region, EC, could be used as an indicator of the degree of

stiffness imbalance with the modified formulations from Hart-Smith's analysis: [58]

1
E(t1+t4)

EC, = 2% (13)
(1+5:2)

EC _ %(t1+t4) (14)
4= I
(14528

in which t and E are the adherend's thickness and stiffness, respectively. The re-
sulting centroid would vary by configuration and can be put into parametric analysis to

compare the effect of beam asymmetry.
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Figure 4. Stiffness centroid of the SLJ sample due to eccentric load.

A lap shear test is usually conducted to examine the interlaminar bonding of
adhesives on a quantitative and comparative basis. Goland and Reissner's lap shear model
suggests that peel strength prevails under certain dimensional conditions [59]. The single-
lap joint test also measures the structural integrity of an interlaminar area between two
adherends. Because the lap shear load is a mixture of peel and shear, the acquired strength
cannot be directly used for design purposes. An SLJ sample would commonly require sym-
metrical adherends to reduce the stress concentration over the free edges right next to the
bonded interface; however, samples with asymmetric flexural rigidity were also tested in

Some Cascs.

The use of the SLJ shear test to examine the interfacial bonding between the layers
of the AM composites is understudied. No previous literature was found to address the non-
uniform stress distribution of the bonded interface and the stress concentration caused by
the beam bending and rotation. The study used a series of SLJ samples made of AMFRP
structures to examine the stress within the designed interlaminar bonding interfaces. The
failure modes of the AM composites were determined from the fractographic and micro-

scopic images.
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Mechanical Testing of AMFRP Composite

Blok. et al. [60]conducted tensile, flexural, and shear tests on 3D-printed carbon
fiber composite. The work estimates the fiber volume fraction (FVF) on the continuous
carbon fiber to be 27%. Caminero. et al. [61] characterized the impact resistance of AM-
FRP using a V-notched specimen following ASTM D6110- Standard test method for de-
termining the Charpy impact resistance of notched specimens of plastics. Results show
that the composite samples reinforced with carbon fibers exhibited lower impact strength
than those with glass and Kevlar fibers. Dickson. et al. [62]conducted an ANOVA study
on continuous FRP reinforced with aramid, carbon, and glass fiber. Flexural and tensile
data were correlated with the parameters implemented. Matsuzaki. et al. [63] estimate the
upper limit of fiber reinforcement efficiency to be 40%-50% for FDM-based 3D-printed

continuous FRP.

It is challenging to determine the shear stress of the material as the other stress
components cannot be entirely separated from the analysis. Selected research works that
analyzed the identical materials and processes are described below. Araya. et al.
[64]characterized the compressive and flexural properties of continuous FRP with three
groups of testing: (a) concentric or isotropic reinforcement, (b) center or shell, or both,
(c) 0/90. The result suggests a statistical significance between different print parameters.
Naranjo. et al. [65]conducted an analysis of variance (ANOVA) study on the AMFRP's
tensile properties and processing parameters. Their results suggest that the infill percent-
age has a minor effect on tensile properties when multiple reinforcing strategies are
present. Failure occurs differently when the continuous fiber starts at a different location,

indicating that the layout starting location affects tensile strength significantly.
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Interlaminar fracture toughness (IFT) research work is reviewed as follows.
Valoroso. et al. proposed a data reduction method to find mode I fracture toughness on
aluminum-filled epoxy-bonded aluminum adherent with DCB testing [66], and the results
were used in FEA modeling. Camanho. et al. [67] proposed a new zero-thickness volu-
metric decohesion element for composite laminates. The 8-node element can account for
the softening effect and can be used to aid fracture mode identification. The proposed ele-
ment was applied to DCB, ENF, and MMB specimens, and a comparison was made with
experimental data. Maimi. et al. [68] used a new constitutive model for failure analysis of
composite laminate based on four different failure modes. Li. et al. [69] proposed a two-
parameter cohesive zone model (CZM) formulation to account for the Mode I parameter

and verified the result by testing single edge-notched specimens.

Objectives

The four objectives of the research are:

1. Design and manufacture of additive manufactured fiber-reinforced thermoplastic com-
posites to validate the reinforcing strategies using fractography, mechanical tests, and fi-

nite element simulation.

2. Develop a comprehensive workflow to simulate the nonlinear mechanical response of
additively manufactured discontinuous and continuous fiber-reinforced plastic composite

to assess the structural performance of designed AMFRP configurations.

3. Design, manufacture, and verify the complex stress field of AMFRP composite using a

single-lap joint sample regarding the characteristic multi-scale structural anisotropy. The
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complex stress field of interfacial bonding quality to the mechanical behavior of each

neighboring plies was analyzed and correlated to the variations of failure mode.

4. Design, manufacture, characterize, and verify the mode I fracture toughness of AM-
FRP composite considering composition variants of the beam with different flexural ri-

gidity.

Organization of the work
First, a literature review is presented to identify state-of-the-art on the relative
field in additively manufactured fiber-reinforced plastic composite materials. The goals,
novelties of the research, and the structure of the dissertation are also included here.
Second, the design methodologies, materials, processing methods, characterization meth-

ods, and analytical approaches used in this study were introduced.

Three distinctive yet interconnected studies resonating with the AMFRP's
mechanical behaviors were presented. The goal of the first manuscript is two-fold: to
evaluate the effectiveness of fiber reinforcement strategies for AMFRP and to develop
and verify the feasibility of an FEA modeling scheme concerning the nonlinearity of con-
tinuous and discontinuous FRP composites. The design of the experiment (DOE) was
conducted to find the relevances of the processing parameters and the mechanical perfor-
mances of AMFRP. Microstructural analysis, fractography, and stress-strain responses

were compared to identify the effect of mesostructured anisotropy.

The second manuscript delves into the failure mechanics of a 3D-printed FRP sin-

gle-lap joint sample concerning the complex stress field over the interfacial area. The SLJ
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strength was found to be a function of fiber orientation over the interfacial area.

Multiple failure modes were observed by the fractography analysis and were compared to
the finite element method results, revealing that a complex stress field can be generated
by the geometrical nonlinearity of the 3D-printed FRP composites with multiple fiber

reinforcing strategies.

The third manuscript aims to characterize the flexural responses and the mode I
fracture toughness in strain energy release rate for thin laminated AMFRP. The beams of
varying flexural stiffness by different fiber orientations were used to monitor the effect on
fracture responses of AMFRP composites. The fracture and flexural responses were ana-
lyzed with fractography and statistics to find a correlation between the characterization

results and effective fiber volume fraction.
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MATERIALS AND METHODS

Materials and Equipment

A discontinuous carbon-fiber-reinforced polyamide 6 thermoplastic composite,
referred to as the matrix material of the AMFRP structure, was used to manufacture all
samples. The matrix material is reinforced with less than 10% chopped carbon fiber [70]
for reinforcement. Two continuous fiber filament feedstocks were used as reinforcement
for some samples to evaluate the effectiveness of configurations and analyze the failure
mechanisms. The feedstock filaments were pre-impregnated continuous carbon fiber
(CCF) filament and high-strength-high-temperature glass (HSHTG) fiber filament, both
supplied by Markforged Inc. (MA, USA). The materials here designated as continuous
fiber filaments are continuous fiber reinforced thermoplastic composites with around
30% of equivalent fiber volume fraction, characterized by microscopy studies and image
processing software. Owing to the closed-source nature of the AM machine used, the

print speed, layer height, and print temperature are all predefined.

A desktop extrusion-based additive manufacturing machine, the Mark Two (by
Markforged Inc, MA, USA), was used to manufacture all samples with proper treatment
to achieve the geometry of interest. A mold release agent, Henkel Loctite Freekote 770-
NC, was used to manufacture the desired precrack area and separate matrix layers while

manufacturing DCB samples. Two isocyanide-based adhesives, Loctite 414 and Loctite
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496, were used to apply adhesive bonding between the AMFRP samples and the steel

loading block for the DCB test.

Design and Manufacturing of AMFRP Composites
The highly digitized nature of AM centers its advantage in synergies with com-
puter-aided engineering (CAE) workflow. The model's design, analysis, manufacture,
prototype, and iteration can be integrated to provide advantages to optimize the func-

tional designs with a suitable combination of materials and processing parameters.

Solidworks

The coupon geometries were designed with CAE software suites Solidworks
(Solidworks, Dassault Systems, Tennessee, US) with respected features to reflect the re-
quirements of relevant ASTM standards. Solidworks software has a built-in compiler to
produce a stereolithography (STL) file as a 3D model input for slicing purposes to pro-

duce AM samples and a Parasolid (x_t) file as modeling input for finite element analysis.

ANSYS Software

ANSYS (ANSYS Inc, Tennessee, US) is a multi-physic simulation software suite
specializing in structural analysis utilizing finite element methods. The capability to
include a wide range of material properties based on state-of-the-art analytical models is
valuable in generating high-fidelity structural responses. ANSYS SpaceClaim is a com-
puter-aided design software integrated within the ANSY'S suites, providing utility to mark
the shared geometries to aid in the computational pipeline. The ANSY'S mechanical mod-

ule has built-in functions for meshing and defining boundary conditions, and its built-in
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solver for iterative solutions is powered by Ansys Parametric Design Language (APDL).
The ANSYS Composite Crepost (ACP) suite is a Python-based software based on CLT
that calculates and applies anisotropic material properties regarding the fiber orientation
of each composite lamina. The structural responses of laminated AMFRP composites can
be solved numerically with iterations governed by Newton-Raphson methods for analyz-
ing stress and strain fields. The capability of the ANSYS suites was evaluated by NASA
and found to be suitable for reproducing physics-based mechanical responses for the de-

lamination of composite materials [71].

Eiger Slicer

The Eiger software (Markforged Inc, MA, USA) is a cloud-based model slicer
that slices the digital solid model into sheets of two-dimensional profiles for the printer to
fabricate the three-dimensional models in the physical space. The Eiger software has a
collection of printing parameters, including infill percentage, printing patterns, counts of
wall and flooring layers, and fiber orientation. The fiber orientation can be configured
layer-by-layer, providing an excellent platform for experimentation of fiber blending se-
quences and a highly tailorable direction-oriented properties profile. The processing tool-
path file includes printing parameters in the .mfp file format, which can then be used on

the printer to fabricate samples.

ImageJ
The image processing capability provided by Imagel [72] software enables the
microscopy analysis from the qualitative evaluation to the quantification of proportional-

ity and characteristics of constituents. Histogram analysis provides information to remove
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irrelevant morphologies that are polarized for ease of setup on the threshold. ImagelJ is
also equipped with feature recognition to identify rounded objects of interest, such as a
cross-section of fiber, to enable efficient counting and further binarization to find fiber ar-

eal proportionality.

Processing of AMFRP Composites

Samples were made using an extrusion-based desktop composite printer, the Mark
Two 3D printer by Markforged Inc. A toolpath file with an .mfp file format is suitable to
be read and executed by the printer after the orientation has been configured in Eiger's
cloud-slicing system. The Mark Two printer is a closed-source printer with most parame-
ters predefined and limited configurable parameters. Mark Two has a single hot end with
dual nozzles neighboring each other, capable of printing matrix thermoplastics and pre-
impregnated continuous fiber filament. The Mark Two also has a modified Bowden-style
feeding pipeline, an enclosure to block undesired nonuniform cooling from airflow, and a
moisture-controlled dry box to protect raw materials from moisture intake to improve

print quality.

Mechanical Characterization

Tensile Test

Three different tensile samples were designed to characterize different aspects of
the tensile properties of AMFRP composites. Raw filaments were characterized following
the ASTM D885 standard for tire cord testing, which was conducted to get baseline pre-

processing properties. The highest tensile strength was retrieved with the raw filament,
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1377 MPa for the CCF and 816 MPa for HSHTG, compared to the tensile strength provided

by the manufacturer datasheet, CCF is 800 MPa and 590 MPa for HSHTG [73].

Testing of the ply level properties for single material lamina was conducted follow-
ing ASTM D3039 to retrieve the baseline mechanical properties of the three materials used
in this research: chopped carbon fiber reinforced polyamide 6, CCF composites, and
HSHTG composites. The D3039 samples are dimensioned at 152 x 12.7 x 6.4 mm with the
gage length set to 76.2 mm. Both clamping areas of the printed composite were tabbed to
avoid clamping failure. ASTM D638A samples were designed, manufactured, and tested
to find a correlation between reinforcing strategies and performance. A sample dimension
of 165 x 19 x 6 mm was chosen, with the gauge length set to 57 mm. An MTS 810 system
was used for both tensile sample types. A crosshead rate of 1 mm/min is prescribed for

testing, and three specimens were tested for each configuration.

Single-lap Joint Test

SLJ-style samples were manufactured using an adapted geometry from ASTM
D5868, the standard test method for lap shear adhesion for fiber-reinforced plastic
bonding, to evaluate the bonding quality on the AMFRP interfaces. Both ends were
printed with built-in tabbing materials to avoid clamping failure. The dimensions were
chosen to be 158.8 mm x 12.7 mm x 6 mm, with an overlapping area of 6.4 mm x 12.7
mm. Tests were conducted on an MTS 810 system using a crosshead rate of 2 mm/min,

and three specimens were tested for each designed configuration.
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Mode I Fracture Toughness Test

Double cantilever beam (DCB) samples were manufactured based on ASTM
D5528 - mode I interlaminar fracture toughness of unidirectional FRP composites. The
samples underwent a preload-unload cycle to reach the initial crack length desired before
the tests. Two sets of moving microscopies were used to record the crack propagation
length, and another camera to synchronize the acquired data. An Inston 1331 testing
machine was used for testing with a 2 mm/min crosshead rate, and three specimens were

tested for each configuration.

A new method was developed to create the precrack required for DCB samples.

The method is described in more detail in the third study.

Flexural Test

Flexural samples were fabricated according to ASTM D790 Procedure A to char-
acterize the flexural responses. Specimens were configured with various FVFs, types of
reinforcement, and fiber orientations. The specified dimensions of the flexural specimen
are 12.7 x 40 x 2 mm with a span-to-depth ratio of 17.5:1, complying with the standard
required minimum. An Inston 1331 testing machine was used to test the samples at a 1

mm/min crosshead rate, and three specimens were tested for each configuration.
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Materials Characterization

Microscopy Analysis

The analysis was carried out with microscopy characterization using a light mi-
croscope. Microstructural analysis was performed on samples’ fracture surfaces, fiber-
matrix compositions, and void analysis. Microstructural analysis samples were produced
with epoxy matrix impregnation and then polished with 50-100-200-400-800-1200 grid
sandpaper, followed by a final polish using 5 pm alumina particles. Void analysis was
done using Imagel software, which utilizes histogram equalization, filtering, threshold-
ing, and binarization of the constituents for removal and image sharpening for counting

proportionality.

Fractography Analysis

Fracture surfaces of the tested samples were preserved for observation under light
microscopy to find a correlation to failure mode. Fractography on the fiber-matrix inter-
action was observed under a light microscope and a Keyonce KHX 6000 microscope.
The microscopic images showcase the failure mechanics for the entire fracture surface.
The Keyonce microscope is equipped with three-dimensional stitching to provide addi-

tional depth of view for analysis with high-resolution images.

Finite Element Analysis for Verification
Finite element analysis is a technique to implement empirically obtained material
properties data into appropriately scaled representative volume element (RVE) to simulate

the instantaneous stress field to correlate to physical observations in an equivalent virtual
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space. The incidents of interest for material responses on objects undergoing specified
boundary conditions can be considered a level five in the technology readiness level (TRL)
scale used by the National Astronautics and Space Administration (NASA) for validation
[74-76] and is a preliminary requirement to advance to prototyping for applications. The
effect of microstructural heterogeneity and mesostructural anisotropy in AMFRP compo-
site can be simulated effectively using a multi-scale modeling scheme based on CLT. The
synergies of the nonlinearity of AM objects and the effect of each constituent within FRP
composite materials are understudied as factors of internal interaction that can complicate

the prediction of the mechanical responses.

The digitized workflow of AM manufacturing is a natural fit for numerical simula-
tion using finite element analysis built with meshed elements. The constituting material
models, such as phenomenological observations and mechanical behaviors, can be empir-
ically determined and implemented, accompanying the mechanical models implemented
using the finite element analysis software. Once the material properties were retrieved, the
model underwent meshing and applied boundary conditions to solve for the structural de-
formation to evaluate the performance by the resulting stress and strain field. Modeling
composite materials and their mechanical responses can sometimes be inaccurate if used
only at the component's scale to account for the decohesion phenomenon across different
length scales. Therefore, a popular multi-scale approach [77] with differentiating simplifi-
cations in different scales to account for the topographical characteristics of the object of

interest was used.

The study investigates the mechanical responses of a multi-material system com-

posed of orthotropic and elastic-plastic material properties. Each FEA model was designed
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with a ply-wise homogenization process to reflect the AMFRP structure's anisotropy and
layer-by-layer nature. Convergence studies were conducted to achieve high-fidelity predic-

tion using a built-in Newton-Raphson method in the ANSY'S software.
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ABSTRACT

Additive manufacturing (AM) for fiber-reinforced plastic (FRP) composites are
gaining increasing opportunities in small batch parts designed for aviation applications
for their high specific strength, freedom of tailorable properties, creep resistance, and ac-
cessibility. The fused filament fabrication (FFF) production suites of 3D-printed FRP
composites are commercially available, easily operable, and mechanically simple to pro-
vide close-proximity manufacturing of parts-in-need. Experimental verification of proper-
ties can be made selective and cost-effective when accompanied by validated predictive
capabilities. This becomes even more relevant when considering 3D-printed parts on de-
mand for in-space manufacturing and space exploration. The results reported here were

supported by a NASA program to develop that comprehensive approach.

The research aims are two-fold — to deliver performance-centric strategies for AM
design made by continuous and discontinuous FRP and the validation technique for such
strategies by finite element analysis (FEA) simulation. The numerical modeling based on
FEA was developed in conjunction with materials properties made available from experi-
ments and literature. A rate-dependent plasticity model for additively manufactured short
fiber reinforced composites and an orthotropic material model for continuous fiber-rein-
forced composites were implemented. Reinforcing strategies were developed to test the
effectiveness of each fiber pattern and layout. Tensile specimens were configured, fabri-
cated, and tested to generate experimental data to evaluate the strategies. The feasibility
of the modeling approach in predicting mechanical performances was examined by com-

paring the simulated and empirical results. The procedure would help validate in-field
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3D-printed components where mechanical tests might be limited or inaccessible, as in the

case of space exploration.

INTRODUCTION

Additive manufacturing (AM) is a trending technology featuring a compact and
capable machine to deliver engineering components efficiently [1]. AM is a layer-by-layer
procedure in which objects are fabricated using a raster algorithm to deposit, cure, or sinter
a deposited material. The manufacturing procedure finds its applications predominantly in
medical [2,3], transportation [4-6], and aeronautic applications [7] for delivering high-
quality parts in small volumes at a reasonable cost. Extrusion-based AM has a growing
market value for its simplicity of the equipment, a vast selection of possible feedstock, and
a competitive precision level. Near-net-shape manufacturing of functional engineering
components is available with high precision using material extrusion (ME) additive man-
ufacturing methods [1,8] in conjunction with post-processing techniques [9,10]. Thermo-
plastic is a class of material commonly used in extrusion AM [1] as feedstock. However,
the mediocre performance of neat thermoplastic has been the major drawback to gaining
widespread applications for aerospace components [11,12]. High-strength continuous fiber
reinforcement can be used alongside polymer extrusion additive manufacturing to manu-
facture continuous fiber-reinforced plastic (CFRP) composite [ 13]. CFRP offers a desirable
combination of mechanical properties and environmental resistance, combining the
strength and stiffness of highly aligned fiber materials and a protective polymer matrix

[14,15].
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An array of test procedures are discussed in the literature to characterize the me-
chanical properties of 3D-printed composites, including fixtures and protocol of quasi-in-
dentation [16], tensile and flexural [16-18], in-plane shear [19], impact and fracture prop-
erties [19-21], and interlaminar shear strength (ILSS) [22-24]. The reported data shows a
general trend of increasing performance with higher fiber content. However, the selection
of printing parameters varies widely depending on the specific requirements, materials, and
equipment involved. The challenges to model the material response were discussed in [1],
which also complicates predicting the quality and properties of the product. The condition
of the outlets limits the quality of each extrusion by the raster movement, affecting the
resolution, roughness, and accuracy [8] of the parts by pressure drop, feed control, and
thermal stresses. The integrity of the components is determined by the bonding quality and
systematic defects accumulated during the printing process [24], resulting in a fundamen-
tally anisotropic state that could affect the structural cohesion to resist catastrophic failure.
Some efforts to model and formulate constitutive material failure were proposed and sum-
marized in [25,26]. Unlike elastic-plastic responses in most continuums, the debate on fail-
ure criterion on FRP composites is an ongoing research area [27] that mainly works in
practicality rather than physical principles. The state-of-the-art failure assessment models
on highly anisotropic composite design lie somewhere between a criteria-based analysis
[26], a probabilistic failure [28,29], or a zone-based [30] analysis since the empirically-

acquired maximum stress and strain would only be reliable to some extent [31].

In light of reducing the redundant testing to assess performance on specific param-
eters, various modeling schemes have been proposed to predict the mechanical behavior of

AM CFRP. The work of Melenka [32] is one of the earlier adoptions of the laminated
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theorem to predict elastic properties in a mesoscopic sense for AM composites. Rule-of-
mixture (ROM) and volume average stiffness (VAS) were used to approximate the bulk
materials constant by the comprising composition. The simplicity of these micromechani-
cal approximations enables several adaptions [33-36] for volumetric analysis on a set of
semi-homogeneous continuums based on walls, infills, and sandwich laminae, for which
the stiffness matrices can be populated by proportionality of constituents. The analytical
methods can be an entry point to rule out unfit configurations by using micromechanics to
predict materials constant. Polyzos [37] evaluated the elastic properties of 3D-printed com-
posites with multi-scale analytical models, considering the effect of fiber volume fraction
(FVF), bridging, and voids. The model is limited to linear behavior, assuming linear elas-
ticity until brittle failure. Wang et al. [38] implemented the degree of fiber wettability and
misalignment in their micromechanical model to predict modulus for AM-made carbon
fiber reinforced plastic (CFRP). An 8% error margin for CFRP with up to 10% FVF is
achieved for linear elasticity. Lupone et al. [39] evaluate the AM CFRP with classical lam-
inated theorem (CLT), ROM, VAS, and microscopy analysis. Tensile properties can be pre-
dicted conservatively with VAS and CLT, which is applicable to the configurations of
[0/90], [0/60/120], and other quasi-isotropic layups. Saeed et al. [22] utilize an ASTM
D3039-inspired tabbing method on an ASTM D638 dogbone specimen made of AM FRP
to characterize and model the tensile properties. A positive correlation was established for
modulus retrieved analytically and empirically, assuming perfectly bonded interfaces and
a state of plane stress [22]. Readers are referred to [8,39,40] for a review of modeling tech-

niques in AMFRP.
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Integration of analytical micromechanics in conjunction with simulation is valuable
in validating aeronautic flightworthiness according to the technology readiness level (TRL)
scale [41]. The robustness of FEA as a numerical modeling tool enables scaling up the
complexity of the analyzed system in a simulated environment. A review of available FEA
methods in modeling composite material can be found in [42]. Representative volume ele-
ment (RVE) is a popular tool to model the AM construct with repetitive basic volume cells
based on the materials' morphology [43,44]. Methods were proposed in using FEA to
model nonlinear plasticity with flow rule [45], rate-dependent viscoplasticity [46], and
multilinear extrapolation [47]. Bhandari et al. simulated the short carbon fiber-reinforced
acrylonitrile butadiene styrene (SCF-ABS) composites, comparing RVE equipped with the
formulation of elastoplasticity, Hill's criterion, and linear elasticity [48]. It was determined
that Hill's criterion is suitable for predicting tensile failure on the printed contour, and a
bimodular approximation can replicate the stress-strain responses on said composites ef-
fectively. Fu et al. [49] applied a mesoscopic RVE method in numerical simulation to model
the nonlinear mechanical behavior of 3D-printed short carbon fiber-reinforced polyether-
etherketone (SCF-PEEK) composites. Components were disseminated to become repre-
sentative unified unit cells with several fracture criteria applied to capture failure. The
method is based on morphological details of the specific material, and they concluded that
the interlaminar failure is of major concern for 3D-printed SCF-PEEK composites. Polyzos
[50] proposed a contour-stochastic-based RVE model using fiber and matrix morphologies
to simulate a composite material of chopped carbon fiber reinforced polyamide matrix with
continuous carbon fiber reinforcement. Although RVE can be a high-fidelity method on the

linearly elastic behavior of composites, it is not deterministic for the scalability of models
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after implementation at a component level [51]. The simulation of nonlinear responses of
laminated composites [52] using RVE based on morphological information can also be

difficult.

Although AM FRP composite materials have been available for some time, a sys-
tematic approach to evaluating and simulating the performance of reinforcing strategies is
lacking. The fiber volume fraction does not always improve the mechanical properties pro-
portionally, especially when various failure mechanisms can be in play regarding the con-
tour of functional parts. The progressive damage of the matrix structure can result in non-
linear responses comprised of elastic-plastic transition caused by stages of decohesion. The
scalability of the RVEs and stochastic-based elements to model a megastructure can be
tricky and computationally inaccessible. Compared to multi-scale RVE, a laminated ap-

proach provides an economical resolution to evaluating

essential properties without compromising robustness. In this study, strategies of
fiber reinforcement are evaluated with mechanical tests and compared to numerical predic-
tions to find a correlation. Numerical simulation adopting the laminae simulation approach
for 3D-printed composites can simplify the validation of the 3D-printed FRP composites
part. The research aims to mimic the reinforcement strategies that could be implemented
in engineering components with a combined fiber reinforcement of concentric, quasi-iso-
tropic, and unidirectional layups. The tensile behavior of continuous fiber-reinforced ther-
moplastic composites is simulated with a rate-independent plasticity model. The tensile
modulus on each configuration was compared between those determined by mechanical

testing and from the simulated representative laminated structure. A pseudo-secant strain
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limit is implemented to predict tensile strength. This research derived a methodology to

simplify the validation route without sacrificing safety and freedom of design.

MATERIALS AND METHOD

Materials and Equipment

In this study, test coupons were 3D printed using a desktop material extrusion 3D
printer, the Mark Two (Markforged Inc., MA, USA). A polyamide-based filament, trade-
name Onyx®, was used as the matrix material of the 3D-printed composites. Two vari-
ants of continuous fiber filament were used as reinforcement: continuous carbon fiber
(CCF) and high-strength-high-temperature glass fiber (HSHTG) filament. The fiber noz-
zle is equipped with a flattened ironing outlet and a cutting utility to accommodate the
deposition of continuous fiber. Some specifications of the machine and the materials are

listed in Table 1.

Table 1. Selected specifications and parameters for Mark Two 3D printer, Onyx, CCF,
and HSHTG.

Description Nozzle | Materials Specification | Layer height (Thickness)
dia.

Nozzle | Plastic nozzle | 0.4mm | Onyx: Er=2.4GPa|0.1 mm, 0.125 mm, 0.2

1 for extrusion p=12g/cm? | mm (Options available
of matrix ma- for matrix-only prints)
terials

Nozzle | Fiber nozzle 0.Imm | CCF: Er=60 GPa | CCF: 0.125mm,

2 for extrusion p=14g/cm’ | HSHTG: 0.lmm
of continuous HSHTG: Er=21 GPa | (Not customizable, con-
fiber filament p = 1.5 g/lecm? | straint by feedstock/ma-

chine dimension)

* Manufacturer: Markforged Inc. (MA, USA) for the Mark Two 3D printer and all three
filaments (Onyx, CCF, HSHTG)

* Printer specification: Preset print speed, bed enclosure, filament dry box, Bowden tube
+ T-belt drive

* Print Temperature: Preset, ~270-273°C for Onyx, CCF, HSHTG
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Onyx® is a proprietary polyamide copolymer blend with an unknown amount of
caprolactam and 10-20% chopped carbon fiber, based on the materials safety data sheet
provided by the company [53]. Judging from the caprolactam presented, it is likely a blend
of polyamide 6. The term “continuous fiber filament” used in the study refers to a kind of
filament feedstock composed of yarns of continuous fiber impregnated with a thermo-
plastic matrix. The term “matrix” will be referred to as the Onyx matrix in the printed
sample. The machine utilizes a dual-extrusion system; each nozzle is specifically designed
to deposit the matrix or continuous fiber filament. Both filaments are composed of an outer-
most thermoplastic matrix and pre-impregnated continuous fiber reinforcement for proces-
sibility. The purposes of the designed configurations were in the result and discussion sec-
tion. The model was created with Solidworks 2022R1 to include sectional details of differ-
ent fiber-matrix compositions and subsequently loaded into the Eiger slicer software to

generate the printing toolpath.

Materials Characterization

Lower-than-expected mechanical properties [54] can be a result of voids introduced
by the printing process. Therefore, microscopy analysis was done to quantify the void con-
tent using a set of dummy samples made of Onyx and continuous carbon filament with
100% infill. CCF and HSHTG filaments were also analyzed to understand the composition
by measurement of fiber content, fiber size, and filament diameter. FVF of HSHTG fila-
ment was double-checked using a burn-off test in the air. Samples were carefully mounted
in epoxy resin, followed by grinding and polishing on sandpaper from grid 80-120-180-
240-400-600-800-1200 and imaged with a light microscope. All microscopic samples were

imaged in the cross-sectional area perpendicular to the printed lamina surfaces, and the
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acquired images were processed with Imagel FiJi [55] software with contrast enhancement,
edge sharpening, and binarization operations to obtain measurable pixels and a calibrated
conversion to standard units. The robustness of the result was checked by comparing the
void content characterized using density measurements following ASTM D2734 - Void
Content of Reinforced Plastics [56]. The density was measured by the ASTM D792- Stand-
ard Test Methods for Density and Specific Gravity of Plastics by Displacement [57] pro-
cedures, with a Pioneer™ PX84 analytical balance (Ohaus, NJ, USA). Available data in
the literature [58] were also compared and summarized. Baseline tensile properties for two
types of CFRP samples were characterized with a series of tensile tests using a geometry
adopted from ASTM D3039 [59], which is a rectangular beam with a dimension of 152 x
12.7 x 6.4 mm. A glass fiber-epoxy tabbing material was bonded to the sample clamp area
to avoid stress concentration, according to ASTM D3039 suggestion. An MTS 810 testing
system equipped with a 2 kN load cell was used for all tensile tests. Nearly 100% CCF and
100% HSHTG specimens were achieved by using an inserted pause after the floor matrix
layer was completed. A thin FreeKote 770-NC mold release layer was applied using a la-
boratory wipe before resuming the printing of the continuous fiber layers. The floor layer
and the walls were removed after the print was finished, and samples were subsequently

tested.

Sample Configurations
Reinforcing strategies were established with chosen fiber layup and materials in-
fill using the Eiger cloud slicing system to determine their feasibility in practicality. Four
objectives are specified in Table 2. The sample designations using A-E labels are speci-

fied in the Result section for clarity and ease of discussion. The purpose of the strategies
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was two-fold — provide an assessment of specific reinforcing scenarios and the validity of
the modeling method for validating such strategies. All solid infill Onyx are printed with

an alternate 45°/-45° rectilinear infill.

Table 2. Designed reinforcing strategies set for ASTM D638 Type I sample configura-
tions.

Set | Purpose Description Sample
M1 | Baseline properties on short Infill - 50% / 100% | Wall -4 | Al - 50%
FRP with 100% rectilinear and | (1.6 mm) A2 -100%
50% triangular infill. Infill Pattern - Triangular /
Rectilinear
M2 | Synergistic effect for concentric | Infill - 50% / 100% | Wall -4 | B1, B2, B3-
CCF/HSHTG fiber rings CFRP | (1.6 mm) CCF
with 50%/100% infill. Infill pattern - 6 concentric Cl, C2, C3-
rings for 8/16/40 (CCF) and HSHTG
8/16/52 (HSHTG) layers
N1 | Maximum available continuous | Infill - 100% | Wall - 2 (0.8 A3-CF_Uni
fiber in unidirectional direction | mm) A4-
CFRP. Infill pattern - Unidirectional | HSHTG Uni
N2 | Reinforcing effectiveness on dif- | Infill - 100% | Wall - 2 (0.8 DI, D2, D3-
ferent CFRP walls on short FRP | mm) CCF
matrix. Infill pattern - Sandwich / Box | E1, E2, E3-
/ Perimeter HSHTG
Note: A gapping 100%-infilled layer between the triangular-50 and the continuous fi-
ber

Set M1 and M2 samples include a 50% triangular infill and 100% infill percent-
age, combined without or with continuous reinforcement, respectively. The M2 samples
were configured with multiple concentric walls to evaluate the effect of an all-around re-
inforcing fiber shell on an engineering design anticipated to behave as described by the
literature [60]. M samples have four enclosing bottom/top layers parallel to the print bed
direction and 1.6 mm thick perpendicular walls. In opposition, two enclosing layers on
the bottom/top and 0.8 mm thick perpendicular walls were configured for N samples. All

configurations for varying fiber infill patterns are also illustrated in Figure 1. Subgroup A
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also serves to validate the material properties input for all simulations. The white, gray,

black, and yellow blocks represent the artificial triangular prism voids, Onyx matrix,

CCF filament, and HSHTG filament.

‘ All configurations — Cross-sectional view ‘

50% Infill
Al

Concentric CCF Concentric HSHTG
100%
A2 | |

C1 X I

A
s\—g-l 6mm
"’
4
v “«— >

13mm

HSHTG Voids

CCF Onyx

— ] —

=4 concentric ring layers|

Walls — 2/4sides, CCF Walls — 2/4sides, HSHTG

Sandwich
D1

Box

D2

Perimeter
D3

Figure 1. Reinforcement strategies on each configured specimen's group.

Mechanical Test

Elﬁ

E2

| Perimeter |
E3

The ASTM D638 [61] Type I “dogbone” specimens were adopted for evaluation of

performance. The solid model was made with Solidworks, configured in Eiger, printed with
the Mark Two printer, and tested. The contour and dimensional detail are illustrated in Fig-
ure 2. Three specimens were tested for each configuration, following ASTM D638 proce-
dures; load, displacement, and strain were recorded using MTS-810 with a clipped-on ex-
tensometer. A displacement rate of 1 mm/min was prescribed until failure. Mechanical test
results are compiled to assess the reinforcing effectiveness, including tensile modulus, fail-
ure strength, and strain at failure. The data was analyzed, compiled, and compared with

analytical and numerical predictions. Failure mode was also analyzed to understand the

weakness of each configuration.
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Figure 2. Engineering drawing and dimension of the tensile specimen.

Finite Element Analysis

FEA simulation was configured and run with ANSY'S Professional 2022R1. The
solution was generated by ANSYS Mechanical APDL using a high-performance compu-
ting cluster, the Cheaha supercomputer. A homogeneous brick element was generated us-
ing ANSYS Composites PrePost (ACP) to implement nonlinear in-plane quasi-isotropic
properties on Onyx® and orthotropic material properties on CCF and HSHTG [62],
which also account for the off-axis fiber correction. The complete workflow is summa-
rized in Figure 3a. A strain-and-stress continuum damage model was used to capture the
multi-stage decohesion of Onyx layers regarding the systematic defects implemented by
the printing process [63]. Three boundary conditions were applied on both ends and at the
x-z surfaces, as shown in Figure 3b. Figure 3¢ shows an example of a perspective view
of sample B1. The halved model was configured along with non-penetrative boundary
conditions on the X-Z surface, as shown in Figure 3b, to conserve computing power. A
pseudo-time-stepped tensile displacement was applied on one end with eight steps and
200 sub-steps to account for the effect of distortion on the mechanical responses. Materi-
als properties were derived empirically and used in a plate element simulation, coupling

with some value adopted from Iragi's [19] work. The major theme of the bulk behavior
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was assumed to have a matrix-dominant multilinear elastic behavior for Onyx samples
and a fiber-dominant linear elastic behavior for CFRP samples. Two simplifications were
implemented to resolve the unconvergence issue caused by discontinuity: removal of the
Onyx wall near both ends where boundary conditions were applied and simplification of
the triangular unfilled area with infilled Onyx volume. The fill-up theme was only ap-

plied to B1, B2, C1, and C2, where fiber-dominant linear elasticity is expected.

Simulation of 3d-printed composites

«E

Displacement

Fixed support

Start — Identify
model geomets
3D CAD drawing,
section with discontinui

Model simplification —
removal of redundancy,
identified symmetry

Fiber crientation of concentric rings in ACP

G solid ANSYS APDL
Dimension reduction to element static structural
2-D and group selection
Define properties Assign boundary

and thickness conditions

Re-mesh / Mesh
refinement

Representative to
point of interest?
Ye

No

Assessment of input Define results
of materials constant and criterion

Define rosette Submission to
and inati numerical solver

ACP-Pre
procedure

No

Iterate

(©

(a)

Figure 3. (a) Complete workflow to simulate 3d-printed composites using ANSYS (b)
Boundary conditions applied in the numerical model, (c) Perspective view - the half
model for CF-50-8.

The failure strength was estimated using a maximum longitudinal strain approxi-

mation:

Osim = Eest * Esim (1)
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where Eg;,, 1s the simulated modulus, gy, 1s the predicted strength, &, is the se-

cant strain at failure calculated from linear extrapolation of the experimental data, using:

Eest = ;_: (2)

for which E, and g, are modulus and failure stress from the experiment, respec-
tively. A representative mesh size of 0.6 mm was chosen for most of the models, and a
0.2 mm refinement was configured on each triangular layer. The selection is based on a

series of convergence studies and sufficient resolution on walls and triangular infills.

RESULT AND DISCUSSION

Materials Characterization

The density measurements regarding the ASTM D792 procedure show a density
value of 1.11 g/cm?® for Onyx material, using a 100% infill 15x15x5 mm block Onyx
specimen. The direct comparison between the characterized density and the manufacturer
data shows a void content of around 7.6%. Figure 4 shows the images of the three types
of characterized filament after enhancement by ImagelJ software. The fiber volume frac-
tion (FVF) results for all continuous filaments are listed in Table 3, along with some ref-
erence values from the literature for comparison. No FVF value was calculated for Onyx
with image processing because of optical noise caused by fiber misalignment and voids

from fiber pullout.
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(a) (b)

Figure 4. Cross-sectional microscopic images for fiber characteristics measurement of

(©)

(a) Onyx filament, (b) CCF filament, (¢) HSHTG filament.

Table 3. Fiber volume fraction of the feedstock filament material.

.Fil.)er Character- | Methods \ Filament Onyx CCF HSHTG
istics type
Digestion 10.9%% | 33.9%%W 30.6%W
Pyrolysi 11%® 36% 31% 0,
Fiber Volume yroysis ° ° 27%®)
Fraction (FVF) | Microscope - 27%® 27%®)
TGA 9.6%Y | 36.4% 27.3%"W
Evaporation - 34.5%© -
Fiber Dia. Microscope - 5.840.2um® | 8+0.2 um®
Fiber count Microscope - 1000 500®
Filament Dia. Microscope 375+2.6pm® | 312+17um®
Note: ™): Data from [58], ®: Data from analysis of this study, (): Data from [64]

Void content was measured using a similar microstructural analysis methodology
for printed Onyx-CCF samples, and the processed images are shown in Figure 5. Sec-
tions were selected from microscopy images of different magnifications and from differ-
ent laminae combinations to calculate a void percentage in a statistical sense. Each image
would include 2-3 printed layers to get a representative void content within the 3D-
printed FRP. Images underwent proper edge sharpening, thresholding, and binarization to

compute the compositional percentage for voids and non-void regions. The resulting void
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content of 6.52%710.71% shows a good correlation to the 7.6% from density measure-
ment and the 7.5% reported in the literature [19]. It is observed that regardless of adsorp-
tion, density measurement on 3D printed composites using ASTM D2734 gives a close
estimation of its density. Base lamina properties of the bulk filament (CCF, HSHTG)
were characterized using the ASTM D3039 standard test method for tensile properties, as
reported in previous work [24]. The results are shown in Table 5. The transverse proper-
ties of each continuous fiber filament were estimated by a ten-percent rule from [65],

which takes one-tenth of the longitudinal properties for transversal direction.
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Figure 5. Cross-sectional images of printed CFRP specimen.

Mechanical Test Result
This section discusses the mechanical testing data from the aforementioned rein-
forcing strategies. For ease of reading results, the detailed parameters for all configurations

are listed in Table 4.

Table 4. Detailed configurations for all reinforcing strategies.

Configura- Infill | Layer | Reinforcement Wall Thick-
tion height ness
(mm) (mm)
(Count x 0.4
mm)
Type # of Infill / Layout
cont-
F
Layer
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Al ?(;WX' 50% | 0.1 Matrix | 0 Triangular 4x04=16
A2 ?(;’g X 700% | 0.1 Matrix | 0 ﬁgﬁmate B 4 x04=-16
A3 | CF-Uni | 100% | 0.125 | CCF 44 Uni 0° 2x04=08
Ad %SETG 100% | 0.1 HSHTG | 56 Uni 0° 2x04=08
B1 | CF-50-8 | 50% |0.125 | CCF 8 rSilri;gzoncentrlc 4x04=1.6
B2 f6F 0 5005 10125 | CCE 16 rSilri;gzoncentrlc 4%x04=16
B3 EOF 100- 1 10005 1 0125 | cCF 40 rSilri;gzoncentrlc 4%x04=16
c1 |HSHTG [ 5500 |4 HSHTG |8 Six concentric | 4 _ |6
-50-8 rings .
c2 |HSHIG [ 5500 |y HSHTG | 16 Six concentric | 4 _ |6
-50-16 rings .
c3 |HSHIG 160010 1 HSHTG | 52 Six concentric | 4 _ ¢
-100-52 rings
CF- o Uni 0° _
DI | g 100% | 0.125 | CCF 4 et otom | 2X04=08
Uni 0° roof
D2 | CF-Box | 100% | 0.125 | CCF 44 /bottom + Pe- | 2x0.4=0.8
rimeter Wall
D3 | CF-Peri | 100% | 0.125 | CCF 44 Perimeter Wall | 2x0.4=0.8
g1 |HSHTG | 6000101 HSHTG |4 Uni0%roof 1, 51 g
-Sand /bottom
Uni 0°
E2 gS(ETG 100% | 0.1 HSHTG | 56 roof/bottom + | 2 x 0.4=0.8
Perimeter Wall
E3 isegm 100% | 0.1 HSHTG |56 | Perimeter Wall | 2x 0.4=0.8

“Matrix”’: Onyx only, “CCF”: continuous carbon fiber filament, “HSHTG”: High-
strength-high-temperature glass fiber filament, “Triangular”: A 50%-infill pattern with
a matrix of triangular prism unfilled area.

“Roof/bottom”: The first/last several layers parallel to the print surface.

“Perimeter wall”: Two enclosing walls aside the outermost contour along the x-z direc-
tion.

The materials input for orthotropic fiber filament is listed in Table 5. A general
trend of proportionality increase in modulus with fiber volume fraction was observed. Error
bar was marked for each characterized result to illustrate the variability of the tested data.

All available mechanical test results are sorted by material type and in descending fiber
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fraction over cross-sectional area order, as presented in Figure 6 and Figure 7. The char-
acterized tensile modulus is listed in descending order as Unidirectional > All concentric
layer> 16 concentric layers > 8 concentric layers > box > perimeter wall > sandwich. It is
concluded that artificially unfilled volume, along with the use of concentric continuous
fiber rings, is an effective strategy to get a high specific modulus, which is proportional to
the fiber fraction over the cross-sectional area within the samples' gage regime. The rein-
forcement strategies push the materials' behavior to fiber-dominant linear elasticity while

retaining proper toughness with triangular-infilled matrices.

Table 5. Tensile test results for fiber-only 3D-printed composites for modeling input.

Transverse E Reference modu-
Material Modulus Strength (GPa) lus/strength from
(GPa) (MPa) (Ten-percent datasheet
rule) [65]
CF lamina* | 66.5+ 0.7 | 811.0+ 18 6.6 60 GPa 800 MPa
HSHTG 75 670 2.5 21 GPa 600 MPa
lamina
* As reported in previous work [24]
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Figure 6. Tensile modulus of tested configurations by order of cross-sectional fiber frac-
tion.
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Figure 7. Tensile strength of tested configurations by order of cross-sectional fiber frac-
tion.

The modulus is valid for all configurations as they were calculated within the first
0.1-0.5% strain regime, while the failure strain data were used to predict tensile failure on
each configuration. It is worth mentioning that the strength result here does not reflect the
actual tensile strength of said configuration in the gage area; instead, it provides an assess-
ment point to evaluate the strengthening strategies on a tapered beam geometry. Concisely,
the comparison of all strength data showcases the feasibility of engineering implementation
of the strategies when a mixture of failure modes is possible. Elastic-plastic responses were
observed in A1 and A2, while linear elastic responses were observed for all other specimens,
for which the responses were dominated by continuous fiber reinforcement. A comparison
of Al and A2 shows a 94% and 78% increase in modulus and strength, respectively, com-
paring 100% infill Onyx to 50% infill Onyx. The effective tangent modulus was calculated
and plotted against the total strain for two Onyx-only configurations, as shown in Figure
8. Those modulus were used as the modeling inputs. The tangent modulus for empirical Al
and A2 data was calculated for each 80-90 data point, or about 0.15 mm elongation for
each data point was recorded at a frequency of 20hz. A consistent reduction of tangent

modulus throughout straining was observed and replicated with a multilinear curve fit to
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simulate the step-release of the 45/-45 rectilinear infill in the longitudinal direction. The
initial modulus of Onyx was homogenized into 1260 MPa as opposed to the modulus of
2400 MPa given by the manufacturer's data [53]. The decohesion between printed layers

at a laminae level was successfully replicated with the prescribed multilinear elastoplastic

property.
2000 A1 50% Triangular Onyx 2000 A2 100% Onyx 2000 Onyx - Multilinear Curve-fit
AT#1 —A2#1 —e—Model Input
£1600 A2| 8600 —A2#2| § 1500 | (0,005, 1260)
gm_ —e— A3 % Az3| S
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3 3 \ 3
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13 e e
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Figure 8. Effective tangent modulus to total strain for (a) Al, (b) A2, and (c) modeling in-
put for Onyx.

Samples A3 and A4 were used to examine the highest-possible achieved rein-
forcement with maximized fiber content. These reinforcement strategies display the high-
est modulus, yet not necessarily higher strength, because of the premature failure due to
fiber delamination. The failure morphologies of A3 and A4 are summarized in Figure 9a.
Under the condition that a unidirectionally reinforced fiber was laid along the outermost
contour surface, the failure due to interlaminar sliding in the yz-plane was observed due
to composite stress of compression, shear, and tensile. Figure 9b shows the failure mode
of groups B and C, where the slicer effectively generated a wedge-shaped contour to
cause premature failure by stress concentration. That the scaling effect [66] on specimens'
mechanical performance responses did not increase proportionally was observed and re-

ported in [56]. The result was attributed to the more complex failure mode introduced by
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the heterogeneous stress field resulting from higher anisotropy. It is also suspected that
the stiffening effect of the fixture would vary by sample configurations. The results in
groups D and E show effective fiber reinforcement as a function of fiber volume fraction.
Although some modulus and strength increases were evident, the configured profile
lacked sufficient fiber layers to achieve the desired mechanical performance. Those are a
direct manifestation of the weaknesses of those reinforcing strategies to emphasize the
outermost shell reinforcement on an irregularly shaped object. The result also shows a
20% lower tensile strength than expected results from irregularly turned fiber angles that

would induce additional weaknesses.

[ ——— —

A4 — HSHTG Unidirectional Group C: Concentric HSHTG

(2) (b)

Figure 9. (a) Delamination over the x-z surfaces for samples A3 and A4 (b) Wedge failure
over the neck-gauge region on group B and C samples.

B3 and C3 configuration with 16 concentric rings/50% infill shows a desirable
modulus performance as they are at least 10% lighter than group D and E configurations
and display as much as a 6-fold modulus compared to the sandwich configuration. How-
ever, lower-than-expected strength was also observed on B3/C3 due to delamination fail-

ure between the off-axis fiber and the matrix. The highest error margin was also observed
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for configuration B3 with 40 layers of thick concentric walls, resulting from the property
discontinuity of the same fiber-matrix interfaces. Accounting for various failure modes
over the entire geometry is recommended when using a concentric reinforcement over a
non-trivial geometry. Other recommendations to achieve optimal desirable performance
are using enough fiber reinforcement and keeping the slicer away from creating anomaly
discontinuities. The geometry should be adapted to fit the fiber reinforcement profile to
avoid delamination-type failure. An additional strain limit regarding the product with
lower fiber reinforcement and infill percentage was plotted in Figure 10, with fiber frac-
tion corrected by the filament's FVF provided in the previous materials characterization
section. Higher strength can be achieved with a higher fiber fraction while compromising
the failure strain of the component. Even though the 3D-printed mesostructure allows the
stagewise decohesion on the structural hierarchy, the irreversible yielding at a much

lower stress level might not be as desirable.

4.0%
o CF

3.5%
HSHTG
3.0%
2.5%
2.0%

1.5%

Failure Strain (mm/mm)

10% [ & t
0.5%
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0% 5% 10% 15% 20% 25%
Fiber fraction in cross-sectional area, % (corrected)

Figure 10. Corrected cross-sectional fiber fraction to failure strain for all specimens.
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Comparison of Modeling and Characterized Results.

A comparison of all groups between mechanical tests and FEA simulation is
shown in Figure 11. A reasonably close correlation to the mechanical results of less than
10% was observed for most configurations. All elastic moduli were calculated using the
simulated strain and the resulting stress over the gauge area within the 0.1%-0.5% strain
range. The competency of the calibrated multilinear elastoplasticity model was shown in
the low error margin (<1%) on modulus and strength prediction of A1 and A2 configura-
tions, indicating that this approach can predict mechanical responses of matrix-dominated
configurations. Figure 12 shows the stress-strain responses correlation for A1 and A2.
Modulus evolution throughout the straining of A1 and A2 was observed, as mentioned in
Figure 8. The model captured the decohesion of deposited mesostructured composites, as

mentioned in the previous section.

Near linear elasticity was observed in every other simulation result, for which
their mechanical behavior is dominated by fiber reinforcement. The A3 and A4 are
benchmarked as the input deviation of the materials data, showing a deviation of 1.5%
and 10% for CCF and HSHTG, respectively. During the convergence study, shear proper-
ties input was found to be insensitive to the resulting tensile responses. A general trend in
all series is that a slightly more conservative prediction was observed whenever an oft-
axis angle ply was present on the contour. A possible reason for this underestimation is
the difference in geometrical distortion between the mechanical test and the FEA model
caused by the defects in the actual AM samples. During the mechanical test, the fiber
along the contoured neck is allowed to be stretched and aligned toward the loading direc-

tion by transverse plastic deformation of the matrix core due to defects such as the
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embedded voids and loosely bonded interfaces. However, the FEA results were modeled
with a continuously bonded interface between the bodies, resulting in a lower degree of
freedom, which disallows fiber alignment to the loading direction. Therefore, slightly
lower load responses were calculated for the numerical modeling. However, the assump-
tions here would require more empirical evidence for corroboration in further studies.
The numerically determined modulus for groups B and C, which are concentric CCF and
HSHTG reinforcement, shows a -13% / -12% deviation for CCF in B1 and B2 and a -
7.7% / -4.5% prediction for HSHTG in C1 and C2. Overall, the numerical model can

have a conservative and valid prediction below an error margin of 10% for most configu-

rations.
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Figure 11. Comparison of empirical results and modeled tensile responses numerically.

Group D and E results show a general trend of overestimation when sandwich re-
inforcement is present in the model and underestimation when a perimeter wall is used.
In cases when the discontinuity brought in by the 3D-printing process is significant due to
insufficient fiber reinforcement (<10% continuous filament), the model is incapable of

generating a prediction of less than 15% error margin. It is concluded that the current
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modeling approach is suitable for two kinds of FRP: one behaves elastic-plastic responses
with pure short FRP of 45°/-45° matrix, and the other behaves near linear elastic with a
meaningful amount of continuous reinforcement. Strategy-wise, sufficient continuous re-
inforcement to achieve linear elasticity is recommended to improve overall structural in-
tegrity. Insufficient continuous fiber would only provide minimal reinforcement yet pos-

sibly introduce more defects for different failure modes.

Stress-strain on 50% Onyx samples Stress-strain on 100% Onyx samples
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Figure 12. Stress-strain curve of tested and simulated 50%(left) and 100%(right) Onyx
data.

CONCLUSIONS

Theoretically, unidirectional fiber reinforcement can provide the highest perfor-
mance in tensile loading. However, premature failure on several configurations was ob-
served by delamination on curved areas, debonding of enclosing walls, and decohesion of
wedges. In general, this is true whenever an extensive stiffness discontinuity is present.
The concentrated stresses within a printed contour can undermine the load-bearing capacity
of continuous fiber reinforcement under tensile loading. The configurations with triangular
voids embedded have the potential to achieve higher specific modulus, but further investi-

gation is needed to evaluate the corresponding structural integrity.
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Tensile responses of all reinforcing strategies were modeled with lamina-based fi-
nite element analysis using ANSYS. A low error margin was observed in the model predic-
tion for most reinforcement strategies, showing that the model is competent to give a cor-
related prediction with implementing material elastoplasticity, orthotropic properties, and
contour-based non-linearity. As opposed to the morphological-based representative cell
(RC), the homogenization of ACP builds stiffness matrices based on the plate theorem,
which is more straightforward, computationally less costly, and equipped with more utility.
The scheme is suitable for simple loading where only the monotonic stress is of interest.
Results show a generally good correlation for the stress-strain responses on the gauge area.
Based on empirical data, the strength prediction was made with a linearly extrapolated
secant strain. Although the scheme relies on empirical data acquisition for laminae proper-
ties, the model provides an initial evaluation of the modulus and strain for interested strat-
egies. The finite element analysis observed a consistent correlation regarding the material's
behavior for the stress-strain relationship. Future work can be done to expand the method
by implementing interface elements to account for raster/interfacial discontinuity at a lam-

ina level.

Current results showcase the capability of less than 10% deviation for modulus
predicted for most configurations. Reinforcing strategies aim to achieve the most effective
fiber reinforcement on layout sequences in a functional part. However, in most practical
cases, a thorough investigation of the stress field is challenging to commence during each
iteration. This study has demonstrated a simple modeling approach to down-select between
numerous additively manufactured composite designs with continuous reinforcements.

The methodology can be extremely valuable for resource management by circumventing
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redundant empirical verification, entailing printing, and testing numerous design alterna-
tives. This is especially true when testing facilities may not be available, such as outposts

in space or forward military facilities.
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ABSTRACT

Continuous fiber-reinforced plastic composite materials are being increasingly
used in material extrusion additive manufacturing, typically fused filament fabrication,
because it enables unprecedented freedom to manufacture high-performance parts on de-
mand and on-site. Interlayer weaknesses of CFRP made by additive manufacturing need
to be addressed to assure the structural integrity of a design that is inherently anisotropic,
commonly determined by the characterization of interlaminar shear strength. In this
study, ILSS of 3D-printed CFRP composites was characterized with a single-lap joint
specimen. It was observed that the ILSS and failure mode changes as a function of the fi-
ber orientation. The layup sequences were found to affect the stress distribution over the
joint area, causing non-tensile failure regarding the eccentric load. The bonding quality
data was compared to finite element analysis results to map the effective load transfer to
the interlaminar area between each printed laminated structure. Stress distribution of the
3D-printed laminated structure under tension loading can be complex, and the results
from such tests can be misinterpreted. Based on the present investigation, it is recom-
mended that the layup design should incorporate a balanced stiffness to take advantage of

continuous fiber reinforcement.

INTRODUCTION

Additive manufacturing (AM) has demonstrated the potential to revolutionize
manufacturing and enable the deployment of novel materials for advanced applications
[1]. AM technology enables performance-driven design [2-4] and an integration-friendly

environment to aid the implementation of novel materials into new applications, such as
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aerodynamically-enhanced jet engines printed with laser powder bed AM [5], tissue engi-
neering using a hybrid bioprinting method [6], and the unmanned vehicle made of FFF
composites [7,8], to name a few. Fused filament fabrication (FFF) is one of the most pop-
ular material-extrusion AM technologies, which is capable of utilizing an array of fila-
ment feedstock, including continuous fiber-reinforced plastic (CFRP), to form solid ob-
ject based on its layer-by-layer extrusion process. CFRP composites possess high specific
strength and modulus. Continuous fiber reinforcement (CFR) [9-12] technology is the
frontrunner for additively manufactured composites for their simplicity, flexibility of ar-
chitecture design, and tailored performance. AM of CFR utilizes a dual extrusion system
to deposit multiple materials alternatively, one of which is the continuous fiber-reinforced

plastic composite.

Matrix

Embedded voids within and between
the laminas

Bonding interface Inhnrnogenelty‘

caused by pressure/thermal gradient Printed layers

Figure 1. Physical defects in continuous fiber-reinforced plastic composite fabricated
with extrusion-based additive manufacturing.
(Adapted from [13,14])

In spite of the advantages cited above, due to the layered deposition, the main

shortcoming of the AM process is the systematic defects embedded within the laminae
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and interfacial regions [15], as illustrated in Figure 1. The typical void content of a 3D-
printed CFRP is reported in the literature to be around 5% [12,16]. Insufficient consolida-
tion could cause poor adhesion or interfacial bonding issues [17]. This is a direct manifes-
tation of the gradient solidification during the extrusion-deposition procedure. Based on
the inherent interfacial defects within the structure, the primary composite failure modes
are shown in Figure 2. The similarities of these failure modes between conventional
composites and AM structures have been previously discussed elsewhere [13,18,19]. The
most straightforward criterion to predict such failure is the interlaminar shear strength
(ILSS), which prescribes the failure to occur upon reaching a critical threshold. One of
the standard ILSS characterization methods is the short beam shear (SBS) test, which ap-
plies a flexural load on a thick specimen to monitor the shear strength of the neutral layer
upon delamination. Many authors have investigated the ILSS of 3D printed composites
with SBS samples as a function of fiber type, layer thickness, and fiber orientations. [20-
22] SBS test results from the literature suggest a low ILSS value for 3D-printed compo-
sites compared to commercial composites, concluding that the embedded voids are the
primary contributing factor. Iragi et al. [16] went one step further to characterize the me-
chanical properties at the lamina level, including mode I and mode II fracture toughness.
The inefficiency of the reinforcement was evidenced by several studies [20,22-24] show-
ing that ILSS and tensile properties do not increase proportionally with higher fiber vol-
ume fraction. Despite the apparent use of the SBS test for quantifying ILSS, the method

is limited to unidirectional and symmetrical ply.

68



I
N [

l
V |

L] L]
J / J

Interface delamination Fiber failure Interply cracking

Figure 2. Typical failure modes of conventional additively manufactured continuous
fiber-reinforced plastic composites.
(Adapted from [25])

Characterization of the bonding quality of an adhesive-bonding system is highly
specialized as load transfer between dissimilar materials and bonding geometry can be
nontrivial, resulting in complex stresses. Single-lap joint (SLJ) test is widely used to
compare adhesion strength for varying conditions due to its simplicity in design and ap-
plication [26]. The SLJ sample is composed of two lapped bodies bonded with a layer of
adhesive [27], and tension is applied to induce shear stress at the joint. Despite the sim-
plicity of manufacturing the testing specimens, caution must be exercised to prevent mis-
use of the SLJ stress as allowable design stress because of the complex stress in the sys-
tem [28]. Milestone SLJ stress field analysis includes the Goland and Reissner analysis,
accounting for load eccentricity and beam bending [29] and Volkersen's differential shear
treatment [30]. A representative sandwich element of two adherend bodies and a layer of

adhesives is usually used in the analysis based on the formulations of plate theories [31].
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Analytical models for bonded joints were reviewed, implemented, and compared by da
Silva [32,33] as to provide an accurate prediction of SLJ strength. A lap shear test is usu-
ally conducted to examine the interlaminar bonding of adhesives between bonded sur-
faces on a quantitative and comparative basis [27,29,34]. Other than the intended use of
functional evaluation of a designed bonded joint, the growing popularity of using the SLJ
specimen for characterizing the interfacial bonding strength of fiber-reinforced laminate
or 3D-printed structure has been discussed elsewhere in the literature [35-40]. A consider-
able sum of analytical treatments for SLJ specimens is available to be implemented in the
analytical and numerical analysis [32,41]. However, the nature of the prescribed adhesive
thickness and mostly plane stress simplification does not necessarily apply to AM FRP
specimens due to its complex laminate blending profile and structural integrity within the
laminae. From the material standpoint, the AM FRP differs from conventional beam sam-

ples as it is highly anisotropic and possesses weaker bonding among layers.

This study aims to develop a novel methodology to analyze the fracture behavior
of the SLJ specimen in relation to continuous fiber orientation and stacking sequences.
The coupling of voids and the inherent anisotropic nature of an AM composite material
can further complicate its structural integrity assessment. It is demonstrated that a combi-
nation of experimental results and a simulation approach can be used to optimize the per-
formance. Interlaminar bonding quality assessment of AM FRP composites, including un-
balanced laminated SLJ specimens, was further advanced using a physics-based observa-
tion of the failure of SLJ specimens. Finite element analysis (FEA) was implemented to

analyze the stress distribution profile over the lapped length, which accounts for
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geometric deflection on the laminated SLJ specimens. The fracture morphologies and

load were recorded and correlated to the stress field results from the simulation.

MATERIALS AND METHODS

Materials and Equipment

All CFRP samples were fabricated with the Mark Two 3D printer (Markforged,
MA, USA). Mark Two is a desktop composite 3D printer using the principle of material
extrusion-based additive manufacturing technologies of FFF and continuous fiber rein-
forcement (CFR). Onyx, a chopped carbon fiber reinforced PA6 composite filament, and
continuous carbon fiber (CCF) composite filament were used to manufacture specimens.
Printing parameters were pre-set at a printing temperature of 270°C on both extrusion
outlets and a layer height of 0.125 mm. A 100% infill matrix, labeled as solid infill, was
chosen to fabricate the specimen in this study based on a rectangular infill pattern of al-
ternate +45°/-45° raster angle. The specimen geometry was made with the commercial
CAE software Solidworks 2021 (Solidworks, Dassault Systems, Tennessee). Tensile tests
following the procedure specified by ASTM D3039 were used to get a baseline property
for composites made from 100% Onyx and 100% continuous carbon fiber composite fila-
ments, respectively. All mechanical tests were conducted on an MTS 810 system with a 2
kN load cell. The result would be used in further analysis to generate baseline lamina pa-

rameters in FEA.

Single-lap Shear Test
All SLJ specimens were manufactured with the Mark Two 3D printer. The speci-

mens would be subjected to a 2 mm/min constant crosshead rate until failure, for which
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the load-displacement relationship was recorded. The maximum length of the overlapping

area to ensure failure at the bonded joint region was determined by the equation [42],
L<F,T/t (1)

in which L is the overlap length, 7 is the adherend thickness, Fy is the yield
strength of the adherend, and 7 is 50% of the estimated average shear strength in the
bonded joint [43]. The overlapped length of L = 6.4 mm was conservatively chosen for
all configurations to avoid undesired tensile failure on the adherend based on the proper-
ties from the literature [16] and this study. The SLJ specimens are dimensionally symmet-
ric, and each adherend beam is dimensioned at 82.55 X 12.7 X 3 mm with an overlap-
ping area of 6.4 X 12.7 mm, as shown in Figure 3a. Figure 3b shows the engineering
drawing of the specimen with detailed dimensions. The formulation suggested by ASTM
standard to calculate the single-lap joint strength considers the load fully applied on a
simplified interfacial area over the bonded adhesive joint [28,42,43]. Under this context,

the average shear strength is:

P
T= (2)

where P is the load at failure, b is the width of the joint, and [ is the single-lap
length.

. 82.6 _ | 254
6.4 S
158.8 mm (6.25 in) O_' ’ﬂl—'—l
0
atin / e l L 82.6
(a) (b)

Figure 3. Single-lap joint specimen design, (a) isometric view, (b) engineering drawing.
(Unit: mm)
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Table 1 shows the fiber layout orientation and purposes of each SLJ specimen de-

sign variant. Three specimens were printed and tested for each variant. Designed configu-

rations are summarized below in Figure 4. Additional baseline samples B1 for pure Onyx

and B2 for 4-ply Onyx interface reinforced with four 0°-ply outside of the bonded joint

were configured. B1 and B2 compare the SLJ strength of the Onyx interface with and

without stiffener plies outside of the load path. Each specimen was printed with an auto-

matically generated support structure under the upper adherend. The support structure

was removed before being tested.

Table 1. Experiment design on single-lap joint shear test for FRP composites.

Designa- Purpose Description
tion
Evaluate the effect of fiber Orientation of a 4-ply laminated struc-
layups between interfacial ture
M bonded areas. Five different layer sequences at the
lap joint:
(0°- 0% 0°-90%; 90°- 90°; 0°- 45°; 45°-
135%)
Evaluate the effect on the exten- | Orientation of an 8-ply laminated
sional stiffness and asymmetry structure
N on the adherend beam Three different layer sequences at the
lap joint:
(0°/45°- 135°/0°; 0°/90° - 90°/0°;
0°/90° - 0%
Evaluate the effect of a buffer Orientation of 1 or 2 plies between the
layer between unidirectional CF | 4-ply 0°CF
0] reinforcement Three different layer sequences at the
lap joint:
(45°; 90°; Onyx-45°)
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Figure 4. Schematics of fiber layout sequences over the bonded joint for the SLJ speci-
men design.

Fracture Surface Analysis

Morphological observation of the fracture surface is the centerpiece of identifying
the onset of the fracture and the failure mode itself. The structural integrity of an inter-
laminar area between two adherends can be assessed by matching a specific fracture pat-
tern defined by the corresponding type of stress. Failure mode recognition of the AM
composite SLJ samples was performed with a modified figure similar to the ASTM
D5573 (Standard Practice for Classifying Failure Modes in Fiber-Reinforced-Plastic
(FRP) Joints) [44]. Images of the fracture surface specimens were taken with DinoLite
AM3111 digital microscopy with 0.3-megapixel image resolution. Side images were also
taken to identify the location of the fracture onset. The fracture mode can be a manifesta-
tion of a combination of stresses, namely longitudinal tensile stress, through-thickness

peel stress, and interlaminar shear stress.
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Finite Element Analysis

Finite element analysis (FEA) has been used extensively in modeling laminated
composites to provide accurate stress fields at a laminate level [45]. Using an engineering
FEA suite, ANSYS professional 2022R 1, a three-dimensional FEA was conducted to sim-
ulate the stress field of the SLJ specimen. Material properties were calibrated with the
tensile test results, such that the simulation of nonlinear Onyx softening behavior was
permitted throughout straining. The ten-percent rule [46] was used as an approximation
tool for required out-of-plane properties, assuming the transverse modulus as one-tenth of
the longitudinal modulus. The solid model was constructed with geometrical detail, in-
cluding all walls and other configured features. The laminated composition was config-
ured with the ANSYS Composites PrePost (ACP) using orthotropic material properties
and element SOLID185, nominally known as a homogeneous brick element. The
SOLIDI18S5 has eight nodes, each with 3 degrees of freedom (DoF). The enforced load of
failure on each configuration was set on one side of the adherend and fixed support on the
other. Non-slide boundary conditions were applied to the tabbed surfaces to constrain the
models as in the experiment. The interfaces were assumed to be perfectly bonded since
the interlaminar shear strain is minor compared to the extensional strain of the adherend
until joint failure by sudden debonding. Twenty-four sub-steps were implemented with a
6-second pseudo-time to capture the nonlinearity of the model. The through-thickness
peel, tensile, and interlaminar shear stress were recorded, plotted, and compared to the
experimental data. A set of convergence studies was conducted to ensure sufficient mesh
discretization with the prescribed element size [47] to avoid stress singularity and im-

prove precision. Trials have been conducted with element sizes of § mm, 4 mm, 3 mm, 2
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mm, 1.2 mm, 0.8 mm, 0.5 mm, 0.4 mm, 0.2 mm, and 0.15 mm within the lamina, while
the thickness remains unchanged. It was determined that the element size of 0.2 mm is

sufficient for a valid result.

RESULT AND DISCUSSION

Feedstock Material Characterization
The tensile specimen was dimensioned at 152 X 12.7 X 6.4 mm, with the gage
length set to 76.2 mm. The outer wall layers of the CCF specimen have been removed to
achieve the composition of 100% CCF filaments. The characterized tensile modulus and
strength are shown in Table 2. The nonlinear plasticity on the stress-strain relationship of
the matrix Onyx was calibrated, and the result was used in the simulation as material
properties. The elastic and plastic segments of the tensile stress-strain data of Onyx were

input into the model to develop proper responses of the AM printed samples.

Table 2. Tensile test results for continuous fiber-only and Onyx-only 3D-printed com-
posites.

Material Modulus (GPa) | Strength (MPa)
Laminated Carbon fiber 66.5+ 0.7 811.0 + 18
Laminated Onyx 1.26 + 0.1 344+ 1.6

Each SLJ specimen was measured before the tests to assess the dimensional devi-
ation. The width and length of the overlapped area were recorded and compiled. The av-
erage dimensional deviation of the overlapping area was found to be minimal (around

2%).
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Lap Shear Results

SLJ results from all M, N, and O specimens were summarized in Figure 5. The
baseline SLJ strength of pure Onyx specimen B1 and stiffened Onyx B2 are also in-
cluded. Group M data shows the highest shear stress for 0°-0° (M1) at 28.5 MPa, and the
lowest at 10.2 MPa for 90°-90° specimens. The peeling force on the edge of the joint in-
duced by beam bending under tensile load weakens the structural integrity of the 3D-
printed single-lap joint, resulting in a 12.3% lower strength of 25 MPa for 0°-45° (M5), a
48.5% lower strength of 14.7 MPa for 0°-90° (M3), 53.7% lower strength of 13.2 MPa
for 45°-135° (M2), and a 64.2% lower strength of 10.2 MPa for 90°-90° (M4). It is ob-
served that although the presence of an imbalanced beam of greater stiffness would in-
duce additional bending, the overall structural strength of M3/MS5 is still larger than those

without 0° plies (M2, M4).
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Figure 5. Comparison of all SLJ results by group.

All group M results were plotted in Figure 6. The 0°-0° specimen shows the low-
est strain-to-failure while the 90°-90° shows the highest strain-to-failure. The other con-
figurations have the strain-to-failure in between. It was found that a lower strain-to-fail-

ure showed the highest failure load, and a higher strain-to-failure showed a lower failure
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load. The relationship implies that the bonded structure could bear more loads with a
higher beam modulus by reducing load eccentricity. The ILSS from the literature suggests
~ 30Mpa for CF-Onyx composites with the SBS test [16], which is consistent with the re-
sult in this study. The SLJ result gives a more conservative estimation because of the
presence of additional bending from the geometry's free edges. The stress concentration
over the free edges was alleviated by the enclosure walls and layered structures. The en-
closure constituted of the base material was configured to protect the integrity of the sam-
ples as well as prevent failure on free edges by stress concentration, permitting strain en-
ergy to be released by straining. The mechanism is similar to a mixed-adhesive joint
(MAJ) [48,49], for which the adhesively bonded lapped region consists of a rigid adhe-
sion in the middle section and two flexible adhesion on the sides. The effect of eliminat-
ing the excessive interlaminar shear stresses on the unsupported free edges under tensile
loading was evident in this study and is consistent with that stated in [50]. Group N
shows that the N2 specimen has an average strength of 19.5 MPa, which is 35% higher
than the 14.4 MPa of the N3 specimen. The failure mode of mixed intralaminar failure on
N3 stiffened 90°-90° also differs from the cohesive interlaminar debonding on a stiffened
45°-135 of N2. The result confirms that the 90° layer is more susceptible to a composite
shear-peel loading. Although the N1 and N3 differ by four unidirectional 0° layer layers,
the resulting SLJ shear strength does not result in a significant difference. It is reasonable
as the fiber orientation around the section of stiffness centroid is identical and prone to a

lamina failure on the 90° layer.

Group O result shows the effect of an additional off-axis buffer layer on speci-

mens with similar structural bending stiffness. The O2 specimen has the highest strength
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of 28.8 MPa for the additional 90° layer, which gives extra flexibility on the stress-con-
centrated x-direction. It is followed by 27.6 MPa for the O3 specimen that was buffered
with a 45°-Onyx bilayer over the interlaminar centroid region, and the lowest of 26.4
MPa for O1, which has an additional 45° layer. The comparable SLJ strength of group O
result confirms the previous assumption that structural stiffness in the loading direction is
the primary factor in SLJ strength. The additional buffer layer in the O specimens does
not improve the shear strength significantly compared to the M1 0°-0°. The boxplot of
the groups M and N results are shown in Figure 7, which also displays the variability on
each configuration. Similarity was found in the plateaued trend in M3-N1-N3 for the
presence of the 0-90 interface. It is evident that the reinforced 0°-90° configuration is
prone to lamina failure on the 90° layer. Comparing these two groups shows that the fiber
orientation type is the most important parameter, followed by the beam stiftness. The in-
terval plot for the 95% confidence interval (CI) result of all continuous FRP specimens is

listed in Figure 8.
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Figure 6. Load-displacement curves of all group M results with Onyx baseline.

The result shows that as the stiffness of the weaker adherend increases, the SLJ
strength increases drastically. A greater lap shear strength was observed when both ad-
herends had higher longitudinal stiffness. A significant peel effect was observed on those
with higher bending angles, which could be subsequently exacerbated by low flexural
stiffness on symmetrical samples and the degree of stiffness difference between two ad-
herends on asymmetrical samples. From the SLJ strength in descending order 0-0 (M1)>
0-45(M5)> 45-135(M3) >0-90(M2) >90-90(M4), it can be surmised that an important pa-
rameter that affects the SLJ strength is the interface type at the interlaminar region. The
0° layers near the stiffness centroid can decrease load eccentricity with the increased flex-
ural stiffness, resulting in higher effective shear stress on the beam. In contrast, the bend-
ing effect would result in greater peel stress if the stiffness centroid has lower flexural ri-

gidity. This was also evidenced in the B2 samples, which had the lowest SLJ strength due

80



to the off-axis load that causes peel-dominant delamination. It is concluded that the stress
composition resulting from the load situation would play an essential role in the structural

assessment.

Boxplot of SLJ Strength
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Figure 7. Result of SLJ strength of continuous FRP composites on groups M and N.
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Fracture Analysis

The primary fracture types of the SLJ samples are summarized in Figure 9. Type
A shows a shear-dominant failure mode as the fracture propagates through the interlami-
nar region. Type B is associated with concentrated peel stress along the edges of the
lapped joint. Type C displays a lamina failure by tensile stresses, in which the failure
scheme is almost certain to be the result of a combination with A or B. Type D displays
an invalid test result where adherend tensile failure occurs. Fracture morphologies on the
side of all SLJ specimens were identified and listed in Figure 10. Detailed recognition

schematics were made regarding the proposed identification scheme in Figure 9.

R —

A. COHESIVE INTERLAMINAR DEBONDING B. EDGE PEEL PROPAGATION
» D. ADHEREND TENSILE FAILURE

C. MIXED INTRALAMINAR FAILURE

Figure 9. Failure mode determination of SLJ specimen.
(Adapted from [44])

Configurations of M1, N2, O1, and O3 have been recognized to fail within the
centroid layer as they possess a balanced adherend stiffness, and the edges are not prone
to mode II shearing as opposed to the specimens with a 90° ply. Configurations M2 and
M4 were found to undergo intralaminar fracture within the four off-direction plies region,

which could result from a combination of peel and shear. The lack of extensional stiffness
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would incur higher peel stresses, as corroborated by the simulated stress field. Configura-
tion M3, M5, N1, N3, and O2 all have a failure occurring within the interlaminar 45°/90
layers, potentially caused by the mixed loading of concentrated peel/shear stresses on the
off-axis lamina. It is also possible that the modulus mismatch between the off-axis ply
and the adjacent 0-degree layer induced additional interlaminar shear stress that promoted

fracture.

iy sy 45:- 45:, upper

Onyx- 45¢, upper Onyx- 90+, upper

0¢- 90°, middle

mm N10/90-0

5 } middle
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N2 0/45-45/0 N3 0/90-90/0 01 0/45-0 02 0/90-0 03 0/0-45/0 0/O0nyx-Onyx/0

Figure 10. Interlaminar fracture identification for all SLJ specimens.

The results of SLJ strength and failure mode recognition for group M, N, O, and
B2 specimens were plotted in Figure 11. Failure modes of the samples were determined
according to Figure 9. The result is consistent with the shear strength value when the
failure occurs within a non-0° layer. Decreased properties were observed when a layer of
weak tensile strength was presented, namely in the 45° and the 90° layers. The failure on
those specimens was caused by inadequate intralaminar bonding between each linear
placement of directional fiber. Comparing the strength and fracture mode in M3, N1, and
N3 shows an identical pattern for their similar composition of mismatched 0°-90° inter-
face. Statistical treatment reveals that the variation among these three configurations is

non-significant, which supports the claim that additional 0° stiffeners would not
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effectively reinforce the beam if the shear-dominated failure occurs. M2 and M4 speci-
mens displayed the lowest SLJ strength amongst all the M, N, and O configurations. It is
to say that a successive off-axis layer without unidirectional reinforcement could spur a
structural weakness, especially when the off-axis load encounters them. The B2 sample
of the Onyx at the interlaminar area with an additional 0° stiffener displays the lowest
SLJ strength, resulting from failure between the Onyx and unidirectional 0°. It is con-

cluded that delamination occurs on the B2 while undergoing eccentric loading.
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Figure 11. Single-lap shear results for continuous fiber-reinforced composites with differ-
ent fiber layups between adjacent interlaminar layers.
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Fracture propagation was observed to jump to the adjacent layer in specimens
M1, M3, M5, N3, 02, and stiffened Onyx. Other than the weakness of interlaminar
debonding, another probable reason is the defects embedded systematically along the ex-
trusion tool path. The type B failure of crack propagation through the gap between the
continuous fiber and the wall enclosures weakened the strength. The propagation might
also be attributed to other intralayer defects induced by the printing process, such as void
and unfilled regions. General fracture modes in SLJ specimens are cohesion, adhesive, or
adherend failure, which can apply to the 3D printed composite sample within the scope of
Figure 9 for types A, C, and D, respectively. The fracture could occur along the eccentric
load path, defined by the EC, to the intersection of the interlaminar bonding area. The re-
sulting stresses might also cause intralaminar failure upon encountering a weaker lamina.
Identical failure modes were observed in N1 and N3. The additional 0° layer did not im-
prove the structural integrity. Instead, it introduced more bending moments on the unsup-
ported edges, which caused type B fracture propagation. Group O specimens were de-
signed to test the interfacial strength between fiber layups with a near-symmetrical stiff-
ened beam. Failure morphologies on the group O specimens show that the stiffened beam
can effectively resist peel-induced bending, keeping the load transfer properly on the sin-
gle-lap joint. Although the additional interlaminar buffer layer of 45 °, 90 °, and 45 ° -
Onyx were expected to provide an additional strain energy-releasing effect, the difference

between the O specimens and M1 0-0 is not significant.

Stress Field from FEA
The simulated results were grouped according to their characteristics, namely

symmetric, semi-symmetric, and asymmetric. The stress field data were probed at the
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interfacial element surfaces within the middle section of the overlap area between the two
sets of the 4-ply laminated structure. The data presented are of the shear stresses acting
along the shear-loaded XZ surfaces, as x is the longitudinal direction and z is the through-
the-thickness direction. The flexible Onyx outermost walls were excluded from the
probed region to avoid stress singularity, abrupt straining at the free edges, and the plastic
spew effect stated in the previous section. The nonlinear mechanical response of the ma-
trix materials was modeled using an isotropic multilinear plasticity model by curve-fitting
of the plasticity zone over the stress-strain curve of pure Onyx samples. The calibration
process was done using the tensile data, following the instructions in the ANSY'S manual
[51]. The normalized stress distribution on configuration N3 using a 0.2 mm element size
was plotted in Figure 12, and the resulting trend is identical to the distribution generated

by analytical models [28,32].

g | Load —#—ILSS
Fixeds:pport 0‘ X % N3 0/90'90/0 —@— PEEL
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-0.4
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Normalized x location, x/L

Figure 12. The simulated normalized stress distribution along the normalized x location.
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Figure 13. FEA result of shear stress distribution - symmetrical adherends (unit: MPa).

Four configurations were marked as symmetrical samples, including M1, M4, N3,
and B1. The simulated shear stress distributions are presented in Figure 10. The ILSS
and peel stress distribution profile along the normalized distance from the interlaminar
bonded lap between two configured fiber laminae were plotted in Figure 14. The stress
concentration factor was calculated by dividing the stress resultant at each location by the
simulated average SLJ strength. It is observed that by introducing 0° unidirectional ply as
reinforcement, the additional bending stiffness would allow the structure to reduce the
stress concentration on the edges of the bonded region. The result of the N3 also shows
that the shear stress distribution could be more homogeneous by blending the lamina lay-
out with 0 °-90° along the loading line. Although N3 has more evenly distributed shear
stress, the concentrated peel stresses on the free edges result in structural weakness, and
the corresponding SLJ shear stress of N3 is only at 30% of the M1 configuration. The re-
sults of asymmetrical and semi-symmetrical adherends were compiled and plotted in Fig-
ure 15 and Figure 16, respectively. The maximum shear stresses were observed in the vi-
cinity of the interlaminar bonding edges, which are of opposite directions on two sides

for some of the samples.

87



M4 90-90 M10-0 - M1-ILSS N3 0/90-90/0

=-M4-ILSS ~#-N3-ILSS

—~Mé-Peel —-M1-Peel —N3-Peel
»

"
.

Stress concentration factor (t/t,,, and o/t,,;)
Stress concentration factor (t/t,,; and 6/T,,)
Stress concentration factor (t/t,,, and 6/7,,,)

Normalized x location, x/L Normalized x location, x/L Normalized x location, x/L

Figure 14. Normalized stress distribution on CFRP samples with symmetrical adherends
for ILSS and peel.
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MPa).

A comparison of the simulated and calculated SLJ ILSS is plotted in Figure 17.

As the introduction mentions, SLJ failure is a combination of peel, shear, and tensile

stresses resulting from the enforced tensile load. A good correlation between the simu-

lated and experimental results can be found when the fracture is caused by shear-domi-

nant stresses. Shear-dominant failure is shown in N1, O1, and O2, for which the simu-

lated average shear stresses at failure are almost identical to the estimated SLJ strength.

For configurations where failure was not shear dominant, the calculated SLJ strength

based on the average of an evenly distributed shear stress exceeded the simulated aver-

age. Examination of the stress components reveals the mixed stress failure behavior on

each configuration, either tensile-peel dominant (M2, M4, N2, O3), tensile-shear
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dominant (M1, M3, M5, N1, N3), peel-shear dominant (N2, Onyx) or a mixture of the

three (O1, O2).
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Figure 17. Comparison of calculated and simulated average interlaminar shear stresses.

CONCLUSIONS

The interlaminar shear strength of FFF composite samples and their failure behav-
iors were studied. A comparison of the results confirms that for additively manufactured
CFRP, the structural inefficiency of the single-lap joint is still severe when the stiffer re-
inforcement is configured along the lap joint. This results from the peel stress introduced
by the asymmetric stiffness, especially when interlaminar stresses are introduced by adja-
cent dissimilar plies resulting from the stiffness mismatch. This study has provided in-
sight into the performance and primary modes of failure resulting from continuous rein-
forcement configurations on a 3D-printed functional part. Simply introducing unidirec-

tional reinforcement of 0° increases the SLJ shear strength by more than twofold
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compared to the unreinforced Onyx specimens. It is also concluded that the consecutive
directional 4-ply reinforcement seems insufficient to bear the off-axis load for the in-
duced risk of delamination and heterogeneous stress distribution. It is recognized that the
tested lap strength is a manifestation of a complex stress field for most configurations.
The method presented here can be used to determine the interlaminar bonding quality of

different 3D-printed reinforced configurations.

Fracture morphologies were identified as a function of the corresponding domi-
nant stress, namely shear, peel, and tensile stresses. It is essential to recognize the mode
and to address a proper interpretation of the resulting SLJ stress accordingly. In addition,
the structural asymmetry of the lapped bodies is yet another factor that could cause unbal-
anced flexing. While comparing the lap shear strength of group M and group N, it be-
came evident that the effect of the stiffness of the beam was more significant than the ef-
fect of fiber layups between directional plies. It is also found that the additional buffer
layer cannot significantly strengthen the single-lap shear strength. Comparison within
group O shows the strength differences with the trend of 90° > Onyx-45°> 45°. The result
confirms that the implemented 45° layers are susceptible to composite loading of the
shear-peel dominant condition. The trend also confirmed that a 90° layer could compen-
sate for more property mismatch than a 45° layer. Inadequate bonding was identified be-
tween the Onyx-0° layer, Onyx-90° layer, and 45°-45° interfaces, as failure occurs in a
low load in configurations M2, N2, N3, and B2. For FRPs, fiber layups between a near-
symmetrical stiffened beam show a minor effect on the strength. 45° ply is not recom-
mended because of weak inter-bead bonding that negatively affects the structural integ-

rity of the printed composites and induces its susceptibility to shear and peel failure. It
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was established that limitations occur when the fulcrum-like edges and free edges cause

stress concentration and a low-angle peel force.

This paper has demonstrated that the combination of results from a diversified ex-
perimental matrix and FEA simulation approach can provide a path for optimizing and
ranking different reinforced AM configurations to achieve the best performance. FEA
analysis was used to provide valid stress field information and details related to the fail-
ure mode for the AM composites. It is concluded that the load eccentricity can be pre-
cisely modeled with semi-implicit static structural FEA and provide relevant information
on how the specimens were affected by the vertical stresses (peel stress) introduced by
the flexing of the adherends and imbalanced stiffness. The overall trend suggests that
characteristic printing pattern configurations can improve AM continuous fiber composite
shear strength. Inserting a buffer layer of 90° or Onyx can improve the shear resistance of
a unidirectional CFRP. A 45° layer may be included if the part undergoes off-axis direc-
tion loading to give a larger strain limit, while a consecutive 4-plies 45° or 90° laminate
does not provide desirable strength under the SLJ setup. If applicable, an alternate layup
sequence may provide a desired combination of shear strength and strain limit on the
structure at the cost of ineffective tensile reinforcement. Examining the loading condition
over an AM laminated composite is crucial because the highly nonuniform stress field
could create unknown weaknesses if not carefully assessed. It is observed that even with-
out considering the adhesive material in FEA, the stress profile is identical to the classical

analytical treatment on the SLJ geometry.
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ABSTRACT

Fiber-reinforced plastic (FRP) composite structures produced via additive manu-
facturing (AM) offer excellent mechanical properties and unprecedented design freedom
for research and development of lightweight aeronautic components. However, it is chal-
lenging to determine their structural integrity during the components' lifecycle, which
could factor into the cost structure and jeopardize its proclaimed benefits. Multiple failure
modes can be observed due to the combined anisotropy resulting from the FRP's aniso-
tropic properties and the mesostructured defects from AM's layer-by-layer process. The
mechanical behaviors of AM-made FRP are determined by the interfacial bonding be-
tween constituents and their interlaminar interfaces. Characterization of bonding qualities
between layers in AM-made FRP is crucial in quantifying the effect of parameters in
manufacturing processes to achieve higher mechanical properties. Structural integrity can
typically be assessed with fracture mechanics studies, based on which the damage toler-
ance of a system undergoing specific load can be evaluated with material and geometry-
specific parameters, both available empirically or analytically. The mode I fracture
toughness is frequently used to quantify the interfacial bonding quality for their resistance
to crack propagation when the pre-existing crack undergoes perpendicular opening load.
Empirical characterization of mode I fracture toughness for laminated structure uses dou-
ble cantilever beam (DCB) samples with data reduction schemes derived by simple beam
analysis. Extensive beam flexure can occur, and the accumulated deviation from the anal-

ysis can be accounted for by introducing an associated correction factor.

In this study, the mechanical responses of additively manufactured fiber-rein-

forced plastic (AMFRP) composites with various fiber contents were characterized and
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compared. Mode I fracture and flexural responses were characterized, and the process-
structure-property relationship was evaluated using three-point bending and double canti-
lever beam (DCB) testing. The fluctuation of propagation fracture toughness manifests
the occurrence of fracture incidents during the beam flexure. Different failure modes
were identified using microscopic images to relate the material morphologies and the
stagewise decohesion to the mechanical responses. The results were compiled and re-

ported to guide practical design and prevent premature material failure.
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INTRODUCTION

Material failure is a phenomenon that occurs when materials undergo a multiscale
decohesion in molecular bonding by external or internal driving energies within material
phases, both of which result in loss of load-bearing properties [1]. Evolution and nuclea-
tion of voids and defects are believed to be the first principal phenomenon that governs
the structural failure of the materials [2-4], which can be solved analytically on a micro-
scopic scale with respect to the matter's morphologies. However, a deviation between the
prediction of material responses from analytical molecular models and the mechanical re-
sponses of a bulk object are magnitudes away. There is active research to bridge the gaps
between theoretical energy balance and physics-based mechanistic models [4]. Fracture
mechanics [2,5,6] was first recognized by Griffith's pioneering work on linear elastic
fracture mechanics (LEFM), conceptualized by Irwin and Rice, coming to be of engineer-
ing usefulness and formalized as an essential tool in structural integrity assessment. In
short, fracture mechanics aim to find a practical approximation of characterizable mate-
rial constants using an intermediate approach combining assumptions of a mechanistic
model and a pan-thermodynamics energy balance at a topological level. The fracture me-
chanics approach aims to resolve difficulties in the characterization of geometry- and ma-
terial-dependence conditions with practical characterizable parameters to be used in as-
sessing structural integrity [6]. Although most of the tools developed within practical
fracture mechanics are based on linear elastic materials systems, implementing such tools
for failure analysis on objects with systematic anisotropy proves helpful in practicality [6]

with proper correction factors incorporated.
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Determination of the fracture properties is crucial for structural validation on the
engineering materials used, providing a lower limit of mechanical failure threshold, as
opposed to the upper limit prescribed by the failure criteria of monotonic strength. Two
material properties for quantifiable fracture resistance are referred to as fracture tough-
ness: strain energy release rate, G, and stress intensity factor, K. The two essential frac-
ture parameters were widely used in engineering practice to assess the structural integrity
and determine the components' damage tolerance at prescribed loading conditions. Em-
pirical characterization of the fracture toughness is based on LEFM using the energy con-
servation assumptions with continuum mechanics models such as beam theorem and
plate theorem. The mode I fracture toughness can be used to calculate the residual load-
bearing capability of a structure with a pre-existing crack undergoing an opening mode
and can be characterized by a variety of techniques, such as compact tension (CT), sin-
gle-edge notched bending (SEB) [3,6], and double cantilever beam [7] (DCB). DCB is
popular in testing laminated fiber-reinforced plastic (FRP) composite plates as prescribed
by ASTM D5528 to quantify the interlaminar bonding [8], considering structural anisot-
ropy. Multiple correction factors were proposed and implemented to account for the cou-
pling effect from the change of boundary conditions due to bending and rotation of the

arm [9-12].

Continuous fiber-reinforced plastic (CFRP) composites are well known to have
high specific strength, adequate toughness, and outstanding environmental resistance
[13,14], combining the advantages of highly aligned fibrous materials and tough poly-
meric matrices. As a result, CFRP composites are competitive in applications across

transportation, sporting goods, and energy industries as reliable structural components.
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The composite is also economical and efficient because of the low maintenance cost
throughout the operational life cycle of the product. An increasing trend was observed in
the interest of analysis in FRP made of modular additive manufacturing (AM) technolo-
gies, citing its capability to enable functional prototyping to small-batch production with
lower cost and higher throughput. The design and applications for AM-made FRP are
used for various applications in energy, aerospace, defense, and automobile industries to
meet the performance demand on strength, modulus, and environmental durability [15].
AM object's structural integrity and reliability assessment are paramount as the cost
structure has to include the safety evaluation, cycle of operations, and disposal of decom-
missioned components. Design for additive manufacturing (DfAM) is an emerging field
of research aiming to develop an efficient workflow to produce high-performance objects
by additive manufacturing to innovate structural design, enable novel materials, and build
objects otherwise impossible to build [16-19]. The principle of DfAM also promotes sus-
tainable engineering and manufacturing, requiring the realization of resource and waste
management with respect to the use of reliable structural integrity assessment and the 3R
— reduce, recycle, and reuse. The decision to replace a component relies on the
knowledge-based failure criteria for each possible failure mode, including interfacial
debonding, matrix cracking, interlaminar or intralaminar decohesion, and fiber breakage.
In laminated composites, interlaminar delamination can be detrimental to their structural
performance as premature failure can occur when they undergo drastic load or impact due

to their anisotropic property [20].

Efforts to quantify the interlaminar bonding in AM-made FRP using a fracture

mechanics approach are well-documented [21-35]. The morphology of the extruded
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materials is influenced by procedural parameters, resulting in different failure mecha-
nisms compared to conventional parts. The mechanical behavior of FRP made of extru-
sion-based additive manufacturing (EBAM) technology can be affected by many factors.
EBAM features a sturdy mechanical architecture, ease of maintenance, and broad com-
patibility with materials selection [36,37], while the product is also susceptible to delami-
nation-type failure identical to laminated composites. The multiscale anisotropy on addi-
tively manufactured fiber-reinforced plastic composites can be categorized in the form of
interfaces, including fiber-matrix, intralayer in-between raster, interlaminar regions, wall-

infill, and geometric-induced discontinuities.

This research investigated the mechanical responses of 3D-printed FRP composite
beams with three-point bending and double cantilever beam (DCB) tests. Flexural sam-
ples were designed to understand the AM-made CFRP's flexural responses and their cor-
relation to the fiber fraction. Six DCB samples for carbon-carbon and glass-glass inter-
face were designed, manufactured, and tested using an alternative precrack method to im-
prove geometrical symmetry. Three variants of beams were developed for each interface
type to evaluate the effects of different bending stiffness on the mode I fracture toughness
Gic. Flexural responses were compiled, and a minimal effective reinforcing fiber fraction
was given. The evolution of strain energy release rate directly manifests the significance
of the compositional difference of the beam within each interface type with high in-group
variability, indicating that incidental fracture propagation Gic is geometry-specific as op-

posed to the geometry-independence initial Gic.
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METHODOLOGY

Material and Equipment

All CFRP samples were manufactured using an extrusion-based desktop 3D
printer, the Mark Two (by Markforged, MA, USA). The Mark Two printer has an extru-
sion hot end equipped with two nozzles, one for printing a discontinuous fiber composite
and the other one for a continuous fiber composite. The closed-source nature of the Mark
Two provides convenience for functional prototyping without parameter tryouts at the ex-
pense of inadaptability to third-party materials that require alternative parameters. All ge-
ometries were designed in Solidworks 2023 regarding the required geometry for each me-
chanical test and subsequently submitted to the cloud-slicing software Eiger to configure
the printing parameters. An mfp file extension format was then generated to fabricate the
FRP composites. A polyamide-based thermoplastic, with the tradename Onyx, was the
discontinuous carbon fiber composite material used to fabricate all samples. The Onyx
was a proprietary polyamide blend reinforced with a 10% volume fraction of chopped
carbon fiber [38]. Two reinforcement materials, i.e., continuous carbon fiber (CCF) fila-
ment and high-strength-high-temperature glass fiber (HSHTG) filament, were used for
reinforcement. The CFRP feedstocks were reported to be pre-impregnated thermoplastic
composite filaments with around 25-35% fiber volume fraction (FVF) [15-20] and a pol-
yamide matrix. The void content of 3D-printed CFRP with a setup of 100%-infilled was
reported to be around 7-15% [28,32,39,40], resulting from ununiform cooling and un-

filled volume. The specifications for the machine and materials used in this research are
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outlined in Table 1. All samples were printed in the x-y direction as ISO/ASTM 52900

specified [41].

Table 1. Materials specifications used in this research.

Materials Type Properties

Onyx Filament (Onyx) Polyamide 6-based ther- Er=2.4GPa
moplastic with chopped p=12g/m’
carbon fiber reinforce- FVF =10%
ment

Continuous carbon fiber Fila- | Pre-impregnated continu- | Er =60 GPa

ment ous carbon fiber p =14 g/cm?

(CCF) FVF =30%

High-strength-high-tempera- | Pre-impregnated continu- | Et =21 GPa

ture glass filament (HSHTG) | ous glass fiber p=15g/em’

FVF =30%

Note:

* Nomenclature: Et: Tensile modulus, p: Density, both from manufacturer's data

[42].

* FVF: Fiber volume fraction, from [43].

* All materials were supplied by Markforged Inc., MA, USA.

Sample Configurations and Characteristics

Flexural samples

The three-point bending samples were printed according to procedure A from

ASTM D790 - standard test methods for flexural properties of unreinforced and rein-

forced plastics and electrical insulating materials [44]. The dimension of the sample is set
with a length (L) of 35 mm, a width (b) of 12.5 mm, and a depth (d) of 2 mm, which re-
sults in a span-to-depth ratio greater than the recommended 16:1, according to the stand-
ard [44]. The engineering drawing and illustration of the flexural behavior are shown in
Figure 1. The instantaneous load, Pi, and the instantaneous deflection, Di, are recorded

for further analysis.
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Figure 1. Engineering drawing of the three-point-bending test and schematics.

Sample configurations were designed as outlined below in Table 2 to investigate
the effect of fiber percentage on the resulting flexural responses. The proportionality of
fiber composite filament in cross-sectional was used to denote the volume percentage us-
ing continuous filament fraction (CFF) content, calculated using the equation adapted

from [45,46], as below:

depth of fiber layers X width of fiber layers tXN )X (b—0.4%Ny,)
CFF Content = £Pho/S 24 dth of f yers _ (txNy) w
depth of sample X width of sample dxb

(1)

in which t is the layer height on each deposited layer, Ny is the number of continu-

ous layers, N,, is the number of walls count, and 0.4 mm is the thickness of the walls
bounded by nozzle diameter. The 0° direction reinforcement fiber was aligned along the x

direction as specified in Figure 1.

Table 2. Designed configurations of all three-point bending flexural samples.

Configuration | Layer | Reinforcement Wall Cross-sec-
height, | Type Layer Fiber | Thickness | tional con-
t counts for | Lay- | (mm) tinuous fi-
(mm) Onyx out (Count Nw | ber
Floor/Roof x 0.4 mm) | filament
(CFF) con-
tent
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= 0
On Onyx 0.125 | Matrix |4 [£45], 4x0.4 0%

1.6
CF#1 | CCF  |0.125 |CCF |4 (01 411.>6< 04— | 44%
CF#2 [CCF  |0.125 |CCF |2 [0]12 ‘1"2 0.4= 165%
CF#3 |CCF  [0.125 |CCF |1 (014 é’g 04= | 82%
GF#1 | HSHTG | 0.1 | HSHTG | 4 (012 ‘1‘.’6‘ 04= " |52%
GF#2 | HSHTG | 0.1 | HSHTG | 2 [Ohs ‘1‘.’6‘ 04=|70%
GF#3 | HSHTG | 0.1 | HSHTG | 1 [0]1s 32 0.4= | 82%

FVF is the primary variable between samples to find a correlation between the
material's flexural modulus and strength. For clarity, the FVF content is a volume fraction
of continuous fiber, which is commonly simplified with the areal proportionality of con-
tinuous fiber in a cross-sectional area. In this work, CCF was defined as the fractional
content of the continuous filament used. A conversion of the CFF content to FVF content
(CFF = FVF x 30%) was made regarding the literature value reported in the last section

[43].

DCB samples

Double cantilever beam samples were designed to characterize the mode I frac-
ture toughness of AMFRP composites for CCF-CCF interfaces and HSHTG-HSHTG in-
terfaces and their variation under different beam compositions. The engineering drawing,
dimension details, and schematic representation of the DCB test are shown in Figure 2.
Symmetric flexural rigidity of the bending arms was ensured to avoid complex mixed-

mode bending induced by the tilted beam, as suggested in [23,47], which could introduce
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the non-negligible Gy term during the data reduction. A 3 mm thickness was selected to

avoid excessive fiber bridging between the laminae.

Dimension (mm) L h U t b a
Value 125 1.5 12.5 5.5 p5 50

Figure 2. Engineering drawing of the double cantilever beam sample and schematics.

Each CCF beam comprised 24 layers of 0.125 mm thick layers, as opposed to 30
layers of 0.1 mm thick layers for HSHT glass specimens, both resulting in two arms of
1.5 mm thickness undergoing loading. A preliminary trial was conducted using a nonad-
hesive insert as suggested by the ASTM standard and literature. However, the unbalanced
flexural rigidity from the artifacts introduced by the printing procedure causes nonuni-
form mixed-mode bending. Alternatively, a mold release solution, Loctite Freekote 770-
NC, was used to introduce the precrack over the central surfaces. Printing was paused
once the lower half of the layer was finished to allow 770-NC to be applied on the de-
sired separation interfacial surface. A tweezer was used to apply a thin layer of the mold
release from a slightly dipped quadri-folded laboratory wipe. A proper time interval be-
tween each application was timed to allow the solution to dry fully to form a thin layer.

The print was then resumed until the desired sample thickness was reached. The mold
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release solution was also applied on the interfaces between unwanted bottom Onyx layers
for easy removal. The use of the method can prevent a tilted opening resulting from the

artifacts that make flexural rigidity asymmetric.

All sample configurations are listed in Table 3. The number of reinforcing contin-
uous fiber composite layers was used as an additional parameter to create sample variants
for the evaluation of the effect of beam stiffness differences. Concisely, we want to verify
that the approximated Gic and the associated elastic constant calculated by simplified
analysis prescribed by LEFM are adequately correlated. The CFF content was calculated
using Equation 1. One side of the wall was also removed to overcome side wall detach-
ment for some configurations, specifically the 12C and 15G samples that do not have an
Onyx enclosure on the upper and bottom surfaces to maintain structural integrity, while
the other was retained. One side of the samples was coated with correction fluid, a TiO»-
based opacifying suspension fluid, to create a thin layer of contrast for observation and
marked with a black marker on each 1 mm length on the first 10 mm, 5 mm length on the
rest of the sample for easy observation of the crack propagation, as suggested in ASTM

D5528.

Table 3. Designed double cantilever beam samples and associated beam compositions.

Configura- | Layer | Reinforcement Cross-sec- Longitudi-
tion height, | Type Layer Fiber tional con- | nal elastic
t counts for | Layout | tinuous fi- | constant
(mm) Onyx of a sin- | ber (GPa)
Wall/Roof, | gle can- | filament
Nt tilever (CFF) con-
tent
CCF-8C 0.125 | CCF 4 [0]s 62.4% 34.8
CCF-10C 0.125 | CCF 2 [0]10 78.0% 43.2
CCF-12C 0.125 | CCF 0 [0]12 93.6% 66
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HSHTG- [0T10 0

L10HG 0.1 HSHTG | 4 62.4% 115
HSHTG- [0]12 0

1PHG 0.1 HSHTG | 2 74.9% 132
HSHTG- [0]15 0

15HG 0.1 HSHTG | 0 93.6% 71
Properties below were used for calculation: Onyx: E= 1.26 GPa, CCF: E= 66 GPa,
HSHTG: E=21 GPa (From the literature [39] and manufacturer's datasheet)

Mechanical Testing
Both mechanical tests were conducted using an Instron 1331 system with a 22kN
force load cell and a suitable testing fixture prescribed by associated ASTM standards.

The machine is equipped with the capability to record data at a frequency of 100 Hz.

Flexural tests

Three samples were printed for each configuration to verify the statistical signifi-
cance and to reduce error. A proper fixture with a 5 mm diameter nose, as required by
ASTM D790, was used for all the three-point bending tests, as shown in Figure 1. The
samples were marked on the edges of the support span and the center line to ensure that
they were aligned with the loading fixture and that the loading was applied correctly. The
load-deflection (Pi, Di) data were collected for further analysis of flexural properties.

Based on the ASTM D790 formulation, a proper load speed is to be calculated as:

ZL?
R = v (2)

in which L is the length of the support span, d is the depth of the beam, and Z is
the straining rate. After plugging in the desired straining rate Z = 0.01 mm/mm per mi-
nute, L = 35 mm, d = 2 mm, the crosshead rate was calculated to be I mm per minute.

The experiment followed the ASTM D790 procedure A, which is only applicable to the
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limited strain of 5% in determining flexural strength, and the allowable midspan deflec-

tion D was calculated according to the equation below:

rL2

D == 3)
in which r is the strain limit of 5%, L is the span length, and d is the span depth.
Based on the sample dimension used, the calculation shows that a valid data reduction for
flexural properties is within the deflection range until a maximum of 5.1 mm concerning

the sample dimension.

DCB tests

All DCB samples were opened carefully with a thin blade to ensure the crack fol-
lowed the prescribed middle interface before each test. The sample was then bonded with
a loading block using Loctite 414 over the AMFRP surface and Loctite 496 on the load-
ing block to create a thin buffer layer on both surfaces. Two adhesive layers were then
bonded with compression for at least 30 minutes to ensure enough strength to withstand
the tensile and rotational loading. All samples were first loaded onto the fixture for a
precrack stage until a 50 mm uncorrected precrack was reached. Afterward, the sample
was unloaded from the first precrack procedure to the original position and reloaded until
failure. Tests were recorded with multiple moving microscopes, and the video was synced
with the data retrieved from the tensile tester with the open-source software OBS Studio.
Traction length was monitored and documented to correlate to the machine-logged open-
ing load and separation displacement. Two moving microscopes, namely the Dino-Lite
0.8 MP and the Jiusion endoscope up to 1000x magnification, were used to record the
crack opening with a moving fixture that has mobility in both X- and Z- directions for

crack propagation and longitudinal loading, respectively. A horizontal free end, which
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indicates a proper load transfer toward the crack front from the central plane, is expected
for a valid test, and incidents of undesired responses, such as asymmetric opening or flex-
ural failure of the beam, were recorded and analyzed separately. The fixture to apply ten-
sile load and the recorder setup for crack length acquisition are shown in Figure 3a and

Figure 3b, respectively.

(a) (b)

Figure 3. (a) Testing fixture and load blocks for DCB test, (b) the moving microscope
recording DCB test.

Data Reduction
The flexural data were recorded in pairs of (deflection Di, load Pi) and processed
regarding ASTM D790 for the flexural modulus and flexural strength of three-point bend-

ing tests following the equations below:

6Dd
3PL

Uf = 2bd? (5)
L3

Ep = 4b:in3 (6)
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in which & is outer-surface strain, oy is flexural stress, P is the load at a given

data point, E is the flexural modulus, and m is the slope of the tangent to the initial lin-
ear portion of the load-deflection curve [44]. Data were also processed using statistics
recommended by ASTM D790 to assess variation and significance between groups. The
data of three-point bending serves as a baseline reference for DCB testing to determine
the flexural rigidity and responses of the 3D-printed beam, as the LEFM formulations
also utilize a simple beam analysis. In order to calculate the Gic for FRP using LEFM for-
mulations, various corrections were implemented to account for the geometrical nonline-

arity.

Three parameters were recorded for the DCB tests - load P;, displacement &, and
the crack length a;. The modified beam theorem (MBT) was chosen as the data reduction
to calculate mode I fracture toughness based on a displacement method [12]. The MBT is
based on a simple beam theorem with several corrections and simplifications. The mode I

strain energy release rate based on Irwin-Kiels equation is written as:

P2 dc
Gic = >b da (7)

in which P is the load, b is the width, C is the compliance, and a is the crack

length. The compliance C can be calculated from a simple beam theory by:

§ 2a3 8a3 dc  2a?
C = —_- = — = - —_— = — (8)
P 3EI bEhR3 da EI

for which E is the axial modulus, and I is the second moment of area. For a rec-

tangular beam 1 = bh3/12, after plugging in equation 8 in equation 7, we get:

PZ

(Zaz __P%2q? 3PS
2b

Gic = EI) ~ bEI ~ 2ba ©)
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Further derivation of some of the corrections can be found in [9-11]. The full

MBT formulation is:

( P; = load

6; = load point displacement
3P.6; F, . b= spec.imerll width

Gie=orr———<" (—),Whlch X a; = delamination length

2b(a; +141) \N; A= Crack length correction

F; = Correction for large displacement

\ N; = Correction of rotation

(10)

which would result in a series of Gics throughout the crack propagation process.
According to the specification from ASTM D5528, proper corrections should be made to
account for the beam's flexure, end-block rotation, effect of the elastic foundation for the
fracture process zone, and the toughening effects [6,11]. The crack length correction pa-
rameters were introduced to offset the nonlinear effect imposed by the load block rotation

and stiffening as suggested by ASTM D5528:

Fe1-5(0) -5 (1
v=1- () -G ]G -5 (12)
in which F and N are used to correct for the rotation of the loading block and large
displacement [9,12]. An investigation of the deviation of the centroid of the flexural ri-
gidity within the arms shows a negligible difference in the calculated Gic (<1%). There-
fore, correction for this effect is not needed in this case by changing the formulation of t,

replacing the distance between the load block bond line and the centroid of flexural rigid-

ity from 0.75 mm to 1 mm, 0.875 mm, and 0.9 mm for 8C/10G, 10C, and 12G,
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respectively. The crack length [a;] was replaced by [ai+|A|], in which |A| was calculated
as the absolute of the x-intercept using a least-square-plot of the cube root of the compli-
ance C as a function of delamination length a;. Results calculated from the other methods
listed in ASTM D5528 were also analyzed but not reported to avoid redundancy, as the
result indicates no significant deviations. The initial mode I fracture toughness can be
found with a nonlinearity point in the load-displacement curve (NL), a 5% offset intersec-
tion (5%), or a visible crack onset (VIS). Due to the consistency and conservative nature
of the NL method, it is used to analyze the fracture toughness in this study. The evolution
of flexural modulus can be monitored with the following equation to identify flaws and

anomalies:

__ 64(a+|A]3p 1
By = Sbh3 (N) (13)

RESULT AND DISCUSSION

Flexural Test Result

The flexural properties of AMFRP samples were compiled in Figure 4. The flex-
ural modulus and strength both show a positive correlation with higher CFF content. Due
to the non-monotonic stress composition that is constituted by shear, compression, and
tension within the stress field, the lower flexural modulus compared to the tensile modu-
lus was observed as expected. The flexural stress-strain curves for both CCF and HSHTG
samples are shown in Figure 5. CCF samples were observed with a multi-stage load
drop, possibly caused by stagewise decohesion from lamina failure throughout the flex-

ure. The first load drop is a direct manifestation of in-plane shear failure caused by
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delamination, evident by the following plateau region of plastic yielding enabled by the
layer-by-layer construct and the stochastic void distribution. The second and following
load drops showcase the catastrophic lamina failure, likely initiated by the failure of the
uppermost CCF layer by a combination of compression, flexure, and in-plane shear. In
contrast, no load drops were observed in the flexural response of HSHTG samples, indi-
cating that HSHTG is less susceptible to delamination and has a higher strain limit than
the CCF. A plateau of plastic deformation was also observed in the HSHTG groups as an
indication of materials yielding and stagewise hardening caused by densification between
the layers. The oscillation of the flexural responses also comes with the geometrical

change induced by the three-point bending design.

35 500
CF1 CF1
mCF2 450 mCR2
30 HCF3 B CF3
HSHTG1 400 HSHTG1
T B HSHTG2 T 150 B HSHTG2
] B HSHTG3 s B HSHTG3
o = 300
s =
5% %
- c
o @ 250
E +
— 15 2
g g 200 .
xX
o 3 150 I
w 10 I o
100
. -
50
0 0

(a) (b)

Figure 4. Flexural (a) modulus and (b) strength for CCF and HSHTG samples.
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Figure 5. Flexural stress-strain curve for (a) CCF and (b) HSHTG samples.

To establish the correlation between flexural modulus and the CFF content, data
from this study were graphed with available values from the literature in Figure 6. A pro-
portional increase of the flexural modulus with a higher CFF content is evident. A similar
graph was not constructed to compare flexural strength as variations of compared results
can be of different geometry that were not comparable. The stiftness of a 3D-printed
composite beam can be associated with the interlaminar properties when the bending
equation does not consider compression over the surface, interlaminar shear over the mid

surface of beams, and tensile extensional load on the bottom surfaces.
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Figure 6. Flexural modulus to CFF content relationship with available data from the
literature. [48-51]

An extrapolation of the CCF and HSHTG data shows an effective reinforcing ef-
fect in flexural modulus with a minimum CFF content for 20% CCF or 35% HSHTG.
However, the added continuous reinforcement can also introduce additional failure modes
between interfaces and laminae. Therefore, considerations on using a minimum CCF
need not be of strengthening effect for a higher failure strength. The prediction is valid
for composite beams with symmetrical fiber layout through the thickness direction of the
3D-printed composites, with at least one wall enclosure to preserve the structural integ-
rity. A second axis is constructed below the CFF content for convenience to compare the
performance of conventional FRP composites, using an estimated 30% FVF for both CFF
and HSHTG, as stated in the literature. Compared to the conventional CFRP composites,
the strain limit for flexure of 3D-printed CFRP has a much higher capacity, resulting from
the elastoplastic matrix, the voids that act as plasticizers, and a much lower FVF. How-

ever, the performance of the 3D-printed CFRP is also limited by a maximum of 30-35%
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FVF, as prescribed by the raw filament feedstock, showing an upper limit of around 50%

of the flexural properties compared to a 50-60% FVF conventional continuous FRP [52].

Result of Mode I Fracture Toughness

A compilation of the characterized mode I fracture toughness between the 3D-
printed CF-CF and HSHTG-HSHTG interfaces is shown in Figure 7. Initial fracture
toughness of 1015 J/m? and 1100 J/m? were consistent for CCF and HSHTG samples, re-
gardless of the differences in flexural rigidity by configurations. It was found that there
was a lower deviation in the initial fracture toughness on 8C samples compared to 10C
and 12C. Conversely, the HSHTG samples display a reversed trend with a steadier crack
initiation on 15G than the others. The average Gic values were retrieved without cycles of
loading-unloading between each data, resulting in a pre-strain flexure arm to promote
steady crack propagation at a later stage. An increasing strain energy release rate was ob-
served concerning the crack length, possibly due to geometrical nonlinearity for a short-

ened beam and stiffening of the interfaces by fiber bridging.

G,c: CF-CF asC Gic: HSHTG-HSHTG

2400 2400 m10HG
2200 =10C 500 = 12HG
2000 12C 2000 15HG
1800 1800 I
~1600 - — 1600
21400 £ 1400
21200 21200 -
01000 I © 1000
O 800 O 800
600 600
400 400
200 208
0
Initial Average Initial Average

Figure 7. Mode I fracture toughness for crack initiation and crack propagation for (a)
CCF-CCF and (b) HSHTG-HSHTG interfaces.
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ANOVA tests were conducted to verify the statistical significance of beams of
different flexural rigidity by varying fiber layouts. Each data series was first reduced
into three representative Gics before ANOVA treatment: the NL crack initiation Gic,
the average Gic from nominal crack length 50-80 mm, and a median Gic from each se-
ries. The results are shown below in Table 4 and Table 5. The initial Gic does not
show a significance between the three configurations for both CCF and HSHTG (P >
0.05). Understandably, the behavior indicates a close approximation to the scheme in a
simple beam under small deflection. The initial Gic value is sought to be the design
guideline value as suggested by ASTM D5528 for conservation to a higher safety fac-
tor. Additional ANOVA tests were conducted throughout the average and median val-
ues of the Gics separately for CCF and HSHTG. The result suggests that a statistical
significance was evident in the series between each configuration, namely
8C/10C/12C and 10G/12G/15G, for the average Gic value from a nominal crack
length 50-80 mm (P<0.1), and the median (P<0.05) of each series. The result indicates
that the evolution of the calculated mode I fracture toughness differs from the flexural
stiffness used for the beam and possibly results from differences in the geometrical
changes. The deviation of the Gic propagation value also manifests the nonlinear ef-
fect caused by beam bending and arm shortening by rotation, even though the intro-

duced correction factor has corrected some.
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Table 4. Single-factor ANOVA analysis for 8C, 10C, and 12C for initial, averaged, and
Median Gics.

ANOVA - Gic ccr Ini.

Source of Variation SS df MS F P-value F crit
Between Groups 0.00 2 0.00 0.03 0.97 5.14
Within Groups 0.22 6 0.04
Total 0.22 8
ANOVA - Gicccr Avg.

Source of Variation SS df MS F P-value F crit
Between Groups 0.09 2 0.04 5.07 0.05 5.14
Within Groups 0.05 6 0.01
Total 0.14 8
ANOVA - Gic,ccr Med.

Source of Variation SS df MS F P-value F crit
Between Groups 0.12 2 0.062 5248  0.048 5.143
Within Groups 0.07 6 0.012

Total 0.20 8

Table 5. Single-factor ANOVA analysis for 10G, 12G, and 15G for initial, averaged, and
Median Gics.

ANOVA - Gicnsurg Ini.

Source of Variation SS df MS F P-value  F crit
Between Groups 0.00 2 0.00 0.11 0.90 4.46
Within Groups 0.13 8 0.02
Total 0.13 10
ANOVA - GicusurG Avg.

Source of Variation SS df MS F P-value  F crit
Between Groups 0.25 2 0.12 4.15 0.07 5.14
Within Groups 0.18 6 0.03
Total 0.43 8
ANOVA - Gicusurg Med.

Source of Variation SS df MS F P-value  F crit
Between Groups 0.20 2 0.10 6.18 0.03 5.14
Within Groups 0.10 6 0.02
Total 0.30 8

122



Some available mode I fracture toughness data related to this study is listed in Ta-

ble 6 below.

Table 6. Comparison of Gic data from literature and this research.

Meth
Source | Configuration Gic initial od Gic propagation
Iragi et
al. [25] CCF-CCF 9 mm - MBT | 2000 J/m?
He et al. 118.5+10.8
[32] CCF-CCF 3 mm J/m? MBT | 1467 +20.3 J/m?
Goh et
al. [30] CCF-CCF 4 mm - CC 943 J/m?
Polyzos MBT
et al. / CC/
[29] CCF-CCF 3.55 mm 1320+ 310 J/m? | MCC | 1320 + 310 J/m?
Kong et
al. [22] CCF-CCF 4 mm 1120 £90 J/m?> | MBT | 1120 +90 J/m?
Aranda
et al. J-inte-
[24] Wavy fiberglass - gral 111~464 J/m?
Santos et | CCF-CCF 3 mm 1497 + 85 J/m?> | J-inte- | 1720 + 116 J/m?
al. [26] CCF-CCF 5 mm 1064 + 125 J/m? | gral 1265 + 57 J/m?
Kat-
alagaria-
nakis et 1442 £374 J/m?> | MBT | 1853 + 408 J/m?
al. [27] | CCF-CCF 7.2mm 1472 +352 J/m? | MCC | 1821 £ 407 J/m?
Luke et
al. [28] Onyx-Onyx Smm 220+ 137 Jm?> | MBT | 332+ 170 J/m?
Tou- Area
chard et | CCF-CCF 3 mm 1228 = 114 J/m? | metho | 1228 + 114 J/m?
al. [33] | CCF-CCF 3 mm 45°/-45° | 1600 J/m? d 2150 + 525 J/m?
CCF-CCF 4 mm 0°/15° 1763 £ 159 J/m? 2146 + 100 J/m?
Santos et | CCF-CCF 4 mm -15°/15° | 870 + 71 J/m? J-inte- | 1720 + 251 J/m?
al. [34] CCF-CCF 4 mm -30°/30° | 960 + 655 J/m*> | gral 1758 + 345 J/m?
CCF-CCF 4 mm 163 J/m? 889.8 J/m?
Dong et | CCF-Kevlar 4.125 mm 101 J/m? 2705.8 J/m?
al. [23] | Kevlar-Kevlar 4 mm 108 J/m? - 3101.9 J/m?
This CCF-CCF 3 mm 1017+ 168 J/m* | NL/ | 1806+ 139 J/m?
study HSHTG-HSHTG 3 mm 1079+ 119 J/m*> | MBT | 1457+ 238 J/m?
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Fracture Analysis and Sample Variability
All load-displacement data points accounted for crack initiation and propagation
were compiled and graphed in Figure 8 and Figure 9 below. Several sudden crack propa-
gation incidents can be observed from the graphed data. The observation of jumping
cracks shows an unsteady crack growth due to the presence of voids as plasticizers and

the in-plane inconsistency between each deposited material trace.

Recorded P-6 CF CF-8C#1
CF-8C#2
120 —CF-8CH3
CF-10C#1
——CF-10C#2
100 —— CF-10CH3
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80
£
o
. 60
©
©
o
-
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20
0
0 20 40 60 80 100
Displacement, §(mm)

Figure 8. Reduced load-displacement data points for crack propagation in CCF samples.
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Recorded P-6 HSHTG
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Figure 9. Reduced load-displacement data points for crack propagation in HSHTG
samples.

Although not a representative curve throughout all samples, the randomness of the
fracture behavior under mode I loading is evident. Due to structural inhomogeneity, the
beam can undergo various events that could increase the load capacity for interfacial
debonding, resulting in effects unaccounted for that could affect the calculated Gic
throughout the crack propagation cycle, including asymmetric bending, decohesion of the
side wall, flexure top lamina, and extensive bridging. In the case of any of the incidents
listed above, the data points have been removed to prevent undesired stiffening factors
that cause imprecise Gic. The occurrence of bridging of single fiber yarn, partial damage
to the top layer, and in-plane bending of the single extrusion is allowed as they are sto-

chastically distributed and consistently observed. The event of anomalies that increase the
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load capacity would otherwise be favorable in the case of the actual applications, as it is
considered a stiffening mechanism that hinders crack propagation. The evolution of frac-
ture toughness concerning the crack length and the crack initiation Gic calculated from
three different methods were plotted below in Figure 10 and Figure 11. A general trend
of increasing Gic can be seen in the figure as a manifestation of fiber bridging between

the lamina inhibited the crack route.
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Figure 10. Comparison of all mode I fracture toughness for crack initiation and crack
propagation regarding the nominal crack length for CCF samples.
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Figure 11. Comparison of all mode I fracture toughness for crack initiation and crack
propagation regarding the nominal crack length for HSHTG samples.

A resistance curve was constructed for all DCB samples in Figure 12. Observa-

tion of the carbon-carbon data shows that fiber bridging can occur with a lower flexural

stiffness due to the extensive peeling effect over the interfacial layers, as evident in the

stiffening effect in 8C and 10C as the crack propagates. The event was not evident in the

12C samples as the peeling effect on the interlaminar region is less severe for higher
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flexural rigidity; therefore, less interfacial stiffening was observed. As the identification
of instantaneous crack length is limited in the later propagation stage, an observable max-
imum crack length between the configurations was also evident. Fiber bridging can occur
whenever an extensive unsteady crack propagation is observed due to the artifacts of
printing, causing an unbalanced strain energy release within the deposited materials

traces in the layer undergoing delamination.
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Figure 12. The reduced load-displacement curve for crack propagation for all DCB
samples.
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A similar trend was found for HSHTG samples, for which the crack growth is
nonsteady for both 10HG and 12HG, suggesting an extensive bending in the loading arm.
Although the beam flexures differently between the configurations, the initial Gic re-
mains reasonably consistent within the groups. It was also observed for the 15SHG sam-
ples that the calculated Gic goes higher in the later crack propagation stage, resulting
from permanent deflection of the outermost laminae, as corroborated with the fractog-
raphy image as shown in Figure 13a. The kinked materials extrusion line on the surface
of the outermost layers in 15HG samples was observed due to compression-flexure fail-
ure. Figure 13b. shows the difference in morphologies between the surface after the
crack propagation (left) and the precrack (right). A higher concentration of regime of
voids present in the crack propagation surface signals the incident of materials peeling off

partially from the surface during the process.

PR '.'Crack.p'rqpéga’tiqnf‘ 2eoh i Pra=crack: " ni i B

Figure 13 (a) Upper side of the HSHTG samples signals microcrack coalescence over the
outermost fiber layer, (b) Fracture surface of the CCF samples, (¢) Fiber bridging on the
side of DCB samples for HSHTG(left) and CCF (right)
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The fractography corroborates the partial disintegration phenomenon that could
cause increasing load as the interfaces do not break entirely; therefore, a higher fracture
toughness Gic value is calculated. Figure 13¢ shows the depth scan image using the

Keyonce microscope, for which fiber bridging is evident.

CONCLUSIONS

Flexural properties and their relationship to the CFF content were successfully de-
termined, and their relationship with FVF was evaluated. The simple beam analysis can
be adopted in orthotropic composite beams as long as the in-plane shear stress is negligi-
ble. On the contrary, when the in-plane shear stresses supersede the material's capability,
the AMFRP can fail prematurely due to delamination. Treatments of the characterized
data show a positive correlation of CFF content to the flexural responses, based on empir-
ical data from this study and the literature. The unstressed fiber and the voids embedded
within the beam provide the CFRP composites with a higher strain limit compared to the

conventional CFRP composites.

Mode I fracture toughness was characterized on AMFRP samples, and the effect
of different laminated sequences on the mode I fracture toughness was examined. The
calculated crack initiation Gic value is consistent for CCF and HSHTG configurations re-
garding the interface type. Corroboration on the conclusion was inspected with a single-
factor ANOVA with repetitive measurements, and the variability within groups of config-
urations and between groups of surface type was found to be insignificant. The initiation
Gic data for CCF also closely resembles the available data in the literature. The crack

propagation Gic was observed to have an increasing trend along with the crack
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propagation length, resulting from the mechanical responses of the beam, including bend-
ing, fiber bridging, and kinked surface. A statistical significance was found between the
series of crack propagation Gic for the different configurations, indicating that the crack
can propagate unstably in the later stage of the crack propagation, possibly resulting from
the stress concentration and fracture jump to an adjacent interface. Although the stochas-
tic voids that introduced the incidences of unstable crack propagation can result in low
initiation Gic, the higher Gic at the later stage could implicate possible arrest of the frac-
ture. The Gic equilibrium can fluctuate due to secondary strain energy release phenomena
such as fiber bridging and intralaminar fracture. It is determined that the flexural rigidity
of the beam does not directly correlate with the initial Gic. However, it does modify the
fracture responses of the laminated FRP plate for crack propagation. Caution should be
taken when designing load-bearing laminated structures made of AMFRP composites, for
which failure can occur in unexpected areas over the combined compression, shear, peel,

and through-interface crack propagation if not accounted for properly.
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OVERALL CONCLUSIONS

The increasing presence of FRP composites in the AM industries is inevitable and
evident in the ever-increasing novel composite materials available in the market. The pol-
yamide-based feedstock has been at the forefront of all AM polymers as the most profita-
ble material [4], owing to its promising performance, endurance, and versatility. This
study gives a comprehensive analysis of the mechanical behaviors of AMFRP polyamide-
based composites. The tensile behaviors of the AMFRP composites with various designed
fiber configurations were studied to evaluate the effectiveness of the reinforcement and
the resulting AMFRP's performance. The 50%-infilled CCF composites effectively create
a hollowed sandwich structure with sufficient continuous fiber in the longitudinal direc-
tion to provide reinforcement, which can potentially be used in lightweight structural de-
sign. Premature failure was observed in some configurations, citing the possible weak-
nesses in translaminar and interlaminar direction induced by the combined effect of the
geometric characteristics and configured reinforcing strategies. A modeling scheme based
on finite element analysis was developed to reduce redundant mechanical tests during

trial-and-error and find optimized configurations with numerical simulation.

Materials properties at the ply level were derived and implemented into a CLT-
based algorithm. The algorithm was then applied to dimensionally reduced models to
generate a solid body. The model implemented accounted for the anisotropic stiffness ma-

trix regarding the stack-up sequences and the geometry nonlinearity from large
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deformation. It was found that the simulated modulus and strength are in good agreement
with the mechanical test results. The result suggests that the methodology can produce
high-fidelity results to simulate AMFRP composites' tensile performance with non-con-
ventional fiber configurations, such as concentric fibers, perimeter walls, and unidirec-
tional reinforcement. Other than the linear elastic behavior of CFRP, the discontinuous
FRP samples were also successfully modeled using materials data characterized from a
baseline coupon using a multi-linear curve fitting to relate to the instantaneous tangent
modulus observed in coupon characterization. The model successfully captures the plastic
yielding of the 3D-printed structure in samples with a 50%-infilled hollowed structure,
manifesting the stage decohesion of the structure from the physical defects embedded be-
tween and within laminae. Failure strain on each sample was plotted against the cross-
sectional area fiber content, and it was found that a low fiber fraction can introduce an
undesired strain limit while minimal reinforcing is achieved. The homogenization ap-
proach is able to generate results with a low error margin. It also retains both anisotropy
and elastoplasticity materials' properties using a fine-meshed model. The FEA model was

used to predict the stress field in tensile and SLJ samples.

The single-lap joint samples were designed, tested, and analyzed to find a connec-
tion between interlaminar shear strength and various interfacial fiber orientations. It is
concluded that the characterized SLJ strength of the interface was not solely shear but a
complex stress composed of shear, tensile, and peel stresses. The conclusion is backed by
fracture surface analysis to highlight morphologies of different fracture modes, while im-
age illustrations to identify the critical fracturing stress were also provided. The statistics

of the mechanical results were illustrated and visualized with a boxplot and a 95%
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confidence interval plot. The numerical simulation result using finite element analysis
software can help to identify the specific fracture mechanisms by factoring in the defor-
mation and material nonlinearity effects. The stress components of tensile, shear, and peel
were broken down and illustrated over the 2D and 3D spaces of the bonded interfacial re-
gime. The distribution of shear stresses agrees with the classical analytical SLJ theorem
that accounts for the load eccentricity from beam deflection and the effect of differential
shear. The SLJ strength of the bonded interfaces was evaluated on a case-by-case basis,
and a symmetric adherend design was recommended to avoid excessive unbalanced

stresses.

The flexural behavior of AMFRP was investigated using a three-point bending
test to evaluate the effectiveness of fiber reinforcement on flexural performance. The
flexural stiffness is shown to display a linear relationship to the cross-sectional fiber con-
tent. The mode I fracture toughness for two interfaces, between two continuous carbon
fiber layers and two continuous glass fiber layers, was characterized. Three variants of
beam stiffness were tested for each interfacial bonding condition using different counts of
continuous layers. A new method was developed and implemented to manufacture the
precrack of the DCB samples. After pausing the printing process, a mold release agent

was applied to the desired interfaces.

Examination of the the mode I fracture toughness results using ANOVA found no
statistical significance in the variability of the initial Gic over different beam configura-
tions (p > 0.05), confirming that the data reduction technique adapted from the LEFM as-
sumption can capture crack initiation Gic from the pre-cracked interface with high con-

sistency. However, the subsequent ANOVA treatments on the median and average value
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of each series of Gic throughout crack propagation show statistical significance between
in-group and between-group variability, suggesting that the fracture behavior can be asso-
ciated with the varying beam composition during crack propagation. The initiation Gic

value of 1kJ/m? is reported for both the CCF-CCF and HSHTG-HSHTG interface.

The mode I crack propagation behavior of the DCB samples appears to be a dy-
namic process that can induce damage near the crack front and outermost layer under
compression. The load reading on the propagation is determined by multiple mechanical
behaviors during the test, including fiber bridging, lamina damage, and crack jumping.
This signals that the load-displacement and resistance curves derived from the experi-
ments can only be used to model the behaviors of objects with identical material and ge-
ometry. On the contrary, the initial Gic is relatively consistent regardless of the beams'
flexural rigidity. Further studies can be conducted to study the failure behaviors at the ply

level and determine their correlation to other characterized materials' properties.

The characteristic behaviors of AMFRP are predominantly governed by the linear
elastic orthotropic properties of the continuous fiber undergoing monotonic tensile
stresses. However, significant variations of failure modes can be observed in a system of
anisotropic mesostructure, for which stress concentration can happen with the non-trivial
stress fields. The configurations can be selected comprehensively using a combination of
empirical characterization with mechanical testing, analytical mechanics modeling, statis-
tics, and numerical simulation. Analysis of fractography and microscopy images provides
physical evidence for failure criteria validation and works interactively with the CAE

workflow to achieve optimized mechanical performance of AMFRP.
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FUTURE WORK

The characteristic morphologies and failure behavior of AMFRP can be effec-
tively evaluated before manufacturing and prototyping to accelerate product develop-
ment. Future work to identify the critical stress components within the bulk AMFRP
products can be further done with instantaneous three-dimensional digital image correla-
tion (DIC) to support the modeling development of structural responses analytically or
numerically. The area of DfFAM provides a foundation to push for optimized design and
efficient materials processing workflow to boost confidence in delivering performance-
driven engineering design using novel materials for AMFRP. A data-driven modeling ap-
proach can be orchestrated by developing a robust material database or library to aid in
implementing and predicting the materials' mechanical responses undergoing different
AM methods. The mechanical performance of AMFRP can be further improved with a
better understanding of the scale-up effect of microstructure-mesostructure-megastruc-
ture. Mode-specific failure criteria and proper correction factors can be developed to pro-

vide representative mechanical responses with a unified field of defects.
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