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Abstract
Fused filament fabrication (FFF) is an additive manufacturing technique that utilizes the layering

of deposited molten plastic to create three dimensional objects. This technique has gained traction
over the past two decades as a disruptive manufacturing technology that promises many benefits.
For widespread acceptance of FFF in manufacturing spaces across the world for the production of
end-user parts, standardization of testing procedures for the qualification of FFF specific materials
are required. A better understanding of the process-microstructure-performance relationships is
essential to achieve this goal. This research aimed to characterize some of these relationships
(specifically the effects of print parameters on tensile and interface fracture behavior) to provide

results and conclusions to inform the development of qualification standards for FFF parts.

In Section 1, a comprehensive analysis of the current state of the art in fracture of FFF parts is
presented and discussed. The rheological specific phenomena that govern the polymer chain
physics at interfaces and within deposited beads is included due to its impact on the mechanical
properties of the printed material. In Section 2, a commonly used tensile testing standard is
explored and demonstrated on carbon fiber reinforced acrylonitrile-butadiene-styrene (ABS). Due
to the complex manufacturing process, new naming standards and testing recommendations are
made and the influence of part production methodologies and processing parameters on ultimate
tensile strength are explored. The response of fiber reinforced and non-reinforced ABS in
environmental conditioning is tested and discussed in Section 3. Specimens were exposed to heat
and moisture to represent onboard conditions and evaluated under tension loading. Section 4
introduces a potential testing specimen for obtaining multiple fracture modes. Through this test

specimen, the nature of the material as a laminate or as a porous homogeneous material is explored.
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1 Fracture behavior of fused filament fabricated polymers: A Review

1.1  Abstract

Despite rapid progress throughout the past few decades, standardization of fused filament
fabrication (FFF) techniques and comprehensive characterization of the end-use material behavior
remains essential for the FFF manufacture of reliable parts for use as primary structure. Due to the
complex nature of the FFF process, strength and stiffness-based material qualification processes
alone are not adequate to ensure structural reliability considering the complex rheology,
microstructure, and macrostructure of FFF parts. Emphasis on developing a deeper understanding
of the processing-structure-performance relationships, effects of defects, and fracture mechanics
is essential to fully realize the potential of FFF in the manufacturing landscape. This review
consolidates these relevant topics from polymer chain physics to material and part characterization
as it pertains to the fracture behavior of FFF products with the goals of informing future work and

generating a repository of current knowledge.

1.2 Introduction

Fused filament fabrication (FFF) is popular worldwide in industry use and makerspaces due to its
low cost, availability,[1] and ease for manufacturing specialized on-demand or customized
parts.[2] Through the heating, extrusion, and layered deposition of thermoplastic material, a three
dimensional object is produced that relies on the mechanical crosslinking of the polymer chains
between beads of material for strength. In the preceding decades, characterization of FFF parts and
materials has been performed through numerous studies investigating air voids,[3-5] additives
such as fibers and nanocomposites,[6-15] the chemical makeup,[16][17] and the overall
mesostructure of the print and part itself.[18-21] Introducing a filler, such as carbon fiber,[9][22-
31] glass fiber,[32] or organic materials,[10][33] can result in improved material properties in FFF
parts, and as such, reinforced material is readily available. FFF provides scalability of the
manufacture of small parts, such as plastic caps produced using desktop printers,[34] to much
larger structures, such as a submarine printed through Big Area Additive Manufacturing
(BAAM),[35] allowing for this technique to span a wide range of potential applications.

A necessity for the widespread implementation of FFF parts is the development of material
qualification standards to ensure structural reliability. Due to the complex nature of standards

development and the rapid development in FFF, most research efforts have focused on utilizing
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numerous ASTM International and International Organization for Standardization (ISO) testing
standards to correlate additives, microstructure, chemical makeup, etc. to the strength and stiffness
of those materials.[36-41] Other factors, such as material response under environmental conditions
[42-44], that influence part performance have also been investigated to quantify their detrimental
effects on strength. When discussing the scope of effort necessary to qualify materials for end-use,
fracture mechanics becomes ever more important in FFF parts due to the manufacturing process
itself.[45-47] As the nozzle deposits molten material in a set raster pattern, many potential crack
initiation sites are formed including voids, defects, and areas of weak adhesion. Therefore, fracture

analysis plays an essential role in the prediction of FFF part failure.

There are three dominant regions for fracture to occur in FFF parts: through the bead (intrabead),
between layers (interlayer), and between beads in a given layer (interbead), Figure 1, creating a
complex environment for crack initiation and growth. For example, the size and shape of the voids
between beads (Figure 2) are dependent on the raster pattern (path of bead deposition) and can be
a site of crack initiation, cause multiple crack coalescence, or propagate a single crack through the
void. Interlayer and interbead domains where the contact area is smaller or where the polymer
chains have poor interdiffusion can initiate and propagate delamination between beads. And,
additives or imperfections in the material can create voids and defects in the beads prompting
cracks to grow intrabead. As seen in Figure 2, cracks in FFF parts commonly propagate through
varying domains, necessitating the need for multiple fracture mechanics principles to define and
predict crack growth. When a crack grows interlayer or interbead, the interlaminar fracture
toughness standards used in the composites industry are applicable, however if a crack grows
completely intrabead, fracture toughness standards for homogeneous material matrices or chopped
fiber composites are needed. It is important to note that the current composite standards should be
updated to reflect FFF attributes. A primary goal of this review is to provide a consolidated source
of the state-of-the-art in fracture characterization and testing to inform the development of testing
standards specific to FFF.
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Figure 1. Layer and bead overlap is dictated by the printing parameters and affects the three
major fracture domains boxed in red
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Figure 2. Crack deviations caused by raster voids, weak interdiffusion, and internal defects
imparted by the manufacturing process dictated by the polymer chain dynamics in FFF



With creation of FFF specific fracture testing standards in mind, the processing-structure-
performance relationships require continued investigation to expand our knowledge of this critical
correlation that directly influences fracture behavior. Fabrication based on the user-specified
printing parameters creates cascading effects starting with the part structure itself through the
mechanical properties and the material behavior in the various fracture domains. As an example,
higher printing temperatures have been shown to improve the interlayer adhesion, however, may
simultaneously increase the intrabead void content.[48] Also, printing parameters that lead to poor
layer adhesion, such as low printing temperatures, high fan speeds, etc, can cause cracks to grow
in the interlayer region.[49] However, optimized printing conditions, which are later discussed,
have been proven to create a homogeneous or near homogeneous matrix where the FFF part shows

little dependency on the layer and bead adhesions.[45]

The printing parameter effects on fracture illuminate the rheological importance of polymer chain
behavior in the melt during deposition. Research by Pascual-Gonzélez et. al. demonstrates how
the consistent use of dynamic mechanical analysis (DMA), thermogravimetric analysis (TGA),
and DSC to analyze the factors behind the micromechanical response of FFF parts is important to
the testing of FFF parts.[50] This work related the rheological and structural properties in the
polymer matrices to strength and stiffness, however it has not been extended to fracture. FFF
specific fracture testing standards and qualification procedures need to be developed that account
for the multiple fracture domains as well as the complexities of the processing-structure-

performance relationships in the FFF parts.

Through an exploration of the rheological phenomena and fracture mechanics concepts as
applicable to FFF, a holistic compilation of the state-of-the-art knowledge on the fracture
characterization of parts manufactured by FFF is reviewed. Discussion of topics spanning nano
and micro-scale polymer chain physics through large scale FFF part production is presented in
four sections: Phenomenological Complexity, Fracture and FFF, Small Scale versus Large Scale
Fracture Behavior, and Big Area Additive Manufacturing (BAAM) FFF Fracture. Each topic
provides a brief history of the scientific advancements, assumptions, and limitations of the state-
of-the-art in fracture characterization of FFF parts. The objectives of this section are to guide future
standard development of FFF material testing, to inform future research on fracture

characterization, and to provide a consolidated review of current knowledge.



1.3 Phenomenological Complexity

Thermoplastic polymers are commonly used in FFF, because at elevated temperatures they behave
as a fluid allowing for extrusion and then undergo a transition through the rubbery plateau during
cooling to a glassy, or solid, state after deposition. An important effect of the extrusion and
deposition process on the fracture behavior of the final part is the interdiffusion and amount of
contact area between beads, as interfaces are a known source of FFF part failure.[25][48] Control
of the printing process to ensure favorable conditions for mechanical crosslinking at interfaces as
well as maximizing infill to reduce the number and size of voids improves fracture performance.
The branch of physics that addresses this flow and deformation of matter is rheology, and this
section discusses the effects of the printing process on the specific rheological phenomena®-’

which govern the fracture behavior of the polymer used as the primary print material.

During the FFF deposition process, the molten polymer bead being deposited contributes heat to
the adjacent bead and beads of the previous layer, that have already begun cooling, creating the
necessary environment at the interfaces between the beads for layer mixing. As previously defined
in Figure 1, the two types of interfaces are interlayer and interbead, and previous research has
quantified differences in the behaviors of these two interfaces due to the variation in thermal
conditions during the deposition process.[1] Melt viscosity and chain mobility, which are
controlled by the print processing conditions, govern the overall mechanical crosslinking that
provides the physical strength and fracture toughness, the materials resistance to crack
propagation, of an interface. The melt viscosity determines the overall contact area between
deposited beads, and the chain mobility determines the short range and long range interdiffusion.
Polymers are held together by a combination of VVan der Waals forces and covalent bonds, and for
a crack to grow in a polymer matrix both must be overcome and broken. Because a crack
propagates along the path(s) of least resistance, Figure 3, the contact area and polymer
interdiffusion play a significant role in the crack behavior, where raster voids cause crack initiation

and deviations and poor interdiffusion reduces the material’s resistance to load.



Figure 3. Crack propagated to the bead above the crack plane, specified by the arrows, as it
followed the path of least resistance.

1.3.1 Tube Theory

It is well established that polymer processing during FFF induces various levels of stress, strains,
and strain rates on the polymer chains within the material system.[40] Subsequently, the molecular
structure of polymers plays an important role in the material response to various print parameters,
such as print speed, extrusion temperature, and print bed temperature. The bulk material property
of the printed polymer within the bead, or the intrabead properties, most likely mimic those of non-
refeprinted polymers.[68] If confirmed by future research, mechanical properties of a printed bead
could be obtained from testing on pre-printed filament with standard values provided by the
manufacturer. This relationship would eliminate the need for considering and quantifying the
effects of the nearly unlimited combinations of user specified print parameters on printed intrabead
properties. The interfaces on the other hand vary substantially based on the print parameters.[69]
During material deposition, a major constraint on the mechanical crosslinking, which dictates the
interface strength and fracture toughness, may occur according to the tube concept. The tube
concept originated from the inability of two polymer chains to cut through each other in the course
of motion, thus dictating a tube-like region that confines each polymer chain. As shown in Figure
4, a single bead encompasses many thousands of tubes dictated by the molecular weight of the

polymer and the polymer structure. Each region severely restricts the motion of chains orthogonal



to the tube and the tube contour.[70,71] The tube diameter is dependent on polymer chain
properties such as monomer bulkiness and chain stiffness but not as much on chain length.[62]
Thus different polymers will have different inherent monomer bulkiness and chain stiffness which
in turn affects the entanglement size (Ne) and the statistical segment length (b) where the tube
diameter (a) is equal to Ne?*b. With fracture toughness dependent on the entanglements in the
polymer matrix, the polymer chain mobility in the melt dictates the matrix formation at the
interfaces in FFF. Because polymer chain mobility depends on the polymer chain properties, the
printing parameters, such as speed and temperature, would not have uniform effects across all
polymer types used in FFF. Therefore, the relationship between polymer chain mobility and

mechanical properties must be uniquely considered for each polymer type.

Deposited Bead

Tube Diameter - — ~ Entangled ——
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chains
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Figure 4. Representation of polymer chains within a deposited FFF bead and the associated tube

that confines the polymer chains



For example, in the case of acrylonitrile-butadiene-styrene (ABS) versus polylactic acid (PLA),
two of the most common FFF polymers, the constituent monomers are vastly different in size and
mobility. For reference, polystyrene is one of the most common industrial polymers with
applications in consumer durable goods, packaging, structural foams, lenses, cable sheathing, etc
due to the ease of fabrication and low cost. When copolymerized with acrylonitrile to form styrene-
acrylonitrile (SAN) there is an increase in the tensile strength, where the polarity in the acrylonitrile
group creates a stronger matrix than pure polystyrene. In the case of ABS, Figure 5, the
interspersed butadiene provides toughness to the strong SAN matrix due to butadiene’s rubbery
nature. Each of these structures have different sizes and shapes which impact the tube diameter,
where the polystyrene suffers from steric hindrance, or restricted rotation, due to the size of the
benzene rings and thus is the limiting factor in the ABS chain mobility. Compare this with the
structure of PLA, Figure 5, where there are no bulky pendant groups in the lactic acid monomer
or the lactide monomer, where condensation reactions are used to polymerize the lactic acid
monomer and lactide is polymerized through ring-opening polymerization. Once again, much like
in the butadiene, the side chain bonding and structure provides a more mobile polymer chain in
the melt than the styrene in polystyrene or ABS. Each of these FFF plastics have vastly different
tube sizes, in part from the polymer chain structure, that dictate the motion of the polymer chains
in the melt. Because of the layering of molten plastic in FFF, a new polymer matrix is formed at
the interfaces of each bead and layer, which highlights the importance of better understanding the
governing polymer chain physics. Due to distinct polymer chain behavior for each print material,
standardizing print parameters across all polymers may not be possible and instead must be

optimized for each polymer type.
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Figure 5. ABS polymer structure (top) where side chain size and type impact the overall
polymer behavior and PLA polymer structure (bottom)

Due to the reliance of fracture toughness on the entanglement density of polymer chains and that
the entanglement density is predicated on both the tube diameter and the polymer chain dynamics,
better connection of polymer physics to mechanical behavior within FFF printed material is
needed. Tube diameter is experimentally obtained by the comparison of measured rheological
behavior to the predictions of theoretical models, which requires well entangled polymers on time
scales shorter than the stress relaxation time for the polymer chains. Mathematically, several
ansatzes, which are initial estimates and assumptions of the solution to a mathematical problem,
are available to describe the tube diameter and entanglement behaviors in a number of ways. The
most successful of such has been the Lin-Noolandi ansatz, which has had consistent success in
describing experimental results for tube diameter in a wide range of polymers.[72—75] The Lin-
Noolandi ansatz reveals how Ne varies with local chain dimensions, where bulkier monomers with
a corresponding larger monomer volume, or more flexible chains with a smaller segment length
increase the entanglement length. Equations 1 and 2 demonstrate the assertions of the Lin-
Noolandi ansatz, where the number of chain segments cohabiting a volume pervaded by an

entanglement strand is a universal constant for flexible polymers.[75]




cn?
Ne = —3 Eq 2.

Where Ne'?b is the size of one entanglement strand, Q is the monomer volume, and C is the
universal constant roughly equal to 22.4.[75] Rephrasing these cases by replacing the
entanglement size with the tube diameter, the packing length can be related to the monomer volume
and the segment length. This packing length is the length which delineates the overfilling of space.
By replacing Ne with a = N¢2b to obtain a = C Q/b? the packing length p = Q/b?. The associated
size scale of local encounters between neighboring chain segments is the best description of the
packing length. If an entanglement chain is not flexible enough or has bulky monomers, the
inability to adopt compact random walk configurations inhibits other chain segments from
approaching, necessary for entanglements. Thus, in the Lin-Noolandi ansatz, the tube diameter is

proportional to the packing length.[74]

A second ansatz was proposed by Milner,[75] and Rubinstein and Colby in the study of polymer
solutions in order to encapsulate the polymer chain behavior observed in said polymer
solutions.[76] This ansatz asserts that the volume pervaded by one entanglement strand a* contains
a constant number of close contacts between chain segments (C®) and has a characteristic volume
of a close contact equal to p3. A third ansatz was recently introduced by Qin et. al. in the study of
oriented and stretched polymer melts, indicative of melts in strong aligning flows. This ansatz
asserts a fixed number of close contacts between an entanglement strand and neighboring
chains.[62] And, even in highly concentrated polymer solutions, the polymer chain behaviors,
including the nonlinear viscoelastic properties, differ from that of polymer melts.[77,78] The
difference in polymer chain behavior in solution and in the melt are seen in the difference in
prediction for how the tube diameter changes when comparing ansatz Il and ansatz Ill. As
pertaining to FFF and fracture, inhibition of the entanglement chains greatly reduces the fracture
toughness of the interface between beads and layers. To better understand polymer entanglements
in the melt, mathematical ansatz 111 most closely relates the boundary conditions of the printing
process with polymer entanglement. Print speed, print temperature, polymer type, fan speed, and
bed temperature all play a part in the polymer chain dynamics in orienting and stretching flow.
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1.3.2 Polymer Melts in FFF conditions

Due to the environment of oriented and stretched polymer melts, created by the FFF process,
further discussion of the Qin and Milner ansatz, ansatz Ill, is discussed in regards to the
conceptualizing of polymer entanglements in oriented and stretched polymer melts at the interlayer
and interbead interfaces.[62] As the polymer melt is deposited onto the previous layer, the polymer
chains are stretched at various intensities depending on the print speed. Higher print speed results
in larger shear forces that stretch and orient the polymer chains, Figure 6. The effects of this
stretching and orienting is discussed, but first, a better understanding of polymer chain level

behavior must be established.

High Print Speed Low Print Speed
Increased Chain Stretching Increased Randomness in Chains

Figure 6. Print speed dictates the chain conformation and can lead to a more oriented or less

oriented chain structure.

In the deposition process of FFF and the subsequent restriction of the motion of the polymer chains
in a polymer melt once deposited, the tension applied to a bead creates changes in the molecular
motion itself. Polymer chains are commonly modeled as random walks, where the location or
movement of the end of the polymer chain moves as a stochastic process. The force extension in
the system is most likely not large enough to fully extend the polymer chains and thus be affected
by the limit of full extension, where a fully extended chain is restricted in motion. Thus, the
polymer chains can be described rheologically by Gaussian random walks, which is the stochastic

process based on step sizes that vary according to a normal distribution. This Gaussian random
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walk can then be used to determine the configuration free energy of a Gaussian chain under

uniaxial pulling.[62] The configuration free energy can be written as:

3kTR?
2Nb?2

— FR, Eq 3.

Where k is Boltzmann’s constant, T is temperature, R is the end to end separation vector, N is
entanglement size, b the statistical segment length, F is force, and R; is the end to end separation
vector along the length of the tube. From this relationship, Qin and Milner demonstrated a force
dependence and a crossover tube diameter analysis that is reliant on how close the chains achieve
maximum elongation. For isotropic melts, the pervaded volume is estimated as a2, but for chains
under tension it is estimated using the volume of the cylinder pervaded by a test strand.[62] The
extension of ansatz 1l to a fixed number of contacts per entanglement strand when deformed to
an isotropic melt at fixed topological complexity predicts a scaling of tube diameter so long as the
force is not large enough to bring the chains to full extension. This application of ansatz Il
provides consistent results with experimental data without large adjustments of N away from the
Kuhn length.[62] Qualitatively, ansatz Il asserts that the chains stretched out along a direction
have a lesser tendency to fill the space around their own monomers and subsequently have more
room for entanglement strands from nearby chains and additional contacts. This stretching has a

twofold effect on the potential strength and fracture toughness of the part.

The first effect is the increase in the overall number of contacts between polymer chains, which as
discussed previously, increases the space available for polymer entanglements. Increased
entanglements result in the increased mechanical crosslinking that helps provide the materials
resistance to fracture. However, the second effect is in direct opposition to the first, where the
increased stretch of the polymer chains also causes a decrease in the tube diameter discussed above.
As applied to FFF, for a constant volume of extruded material, increasing the print speed is
associated with a decreased melt viscosity of the material, shear thinning, caused by the
disentanglement of polymer chains. When sheared, polymer chains begin to disentangle and align
which causes the observed viscosity to drop, and the degree of disentanglement is shear rate
dependent. While this orienting can create more potential contacts for entanglements between
polymer chains, the overall contact area is decreased between the deposited beads and large voids
are manufactured into the part.
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Qualitatively in ansatz Ill, there is a decrease in both the tube diameter and Ne for chains under
tension, where there is a lesser tendency of polymers to fill the space around their own monomers.
This relationship is also consistent with a binary view of entanglements as binary interactions
between chains, which are the result of chain-shrinking algorithms.[79,80] This binary view is also
supported by simulation results on primitive path rearrangements that occur as a result of two chain
segments crossing over each other in the melt.[81] The topological entropy can be interpreted in
such a way as to having these chains approach, interact, and either wrap around or not, then so on
and so forth. This environment creates the random dodging and interacting necessary to produce
the randomly braided structure that is the entangled polymer melt. However, with the rapid cooling
in the FFF system, there are changes to the boundary conditions allowing for the interactions

necessary for those randomly braided structures.

Thermodynamically, each system seeks to maximize entropy, through the reduction of order, and
polymer chain entanglements are the result, however when energy is introduced to the system in
the form of shear stress, the resulting topological entropy is changed. The orienting of chains
creates an environment for short range interdiffusion, where these shallower interactions dominate
in the structure. In order to achieve the highest resistance to fracture, a heavier reliance on the
covalent bonds of the polymer chains is needed. This means that the ends of polymer chains need
to be able to diffuse across layers and deep within adjacent beads. This long-range diffusion is
stifled by the orienting and stretching of polymer chains, Figure 6. In terms of impact on fracture,
this creates a layer-to layer and bead-to-bead contact area with high reliance on the weaker Van
der Waals forces that can be more easily deformed and yield at the crack tip, seen as crazing.
Pairing this condition with increased void content could potentially lead to a macroscopic brittle

behavior, despite the microscopic conditions that contribute to ductile fracture.

Leveraging the polymer rheology of stretched chains in the melt provides the possibility of
tailoring areas in a part for a specific property using print parameters and opens up interesting
future avenues in predictive computational modeling. In the case of tensile testing performed by
Ferrell et. al.[69] there was a phenomenon noticed where higher printing temperatures, which
provide better diffusion and theoretically higher strength, led to a slightly lower ultimate tensile
strength and a much higher elongation to break with load applied only to the interface between

beads. Ultimately as this finding pertains to fracture and future tailoring of parts, the pairing of
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low print speeds and high nozzle temperature could create areas of higher toughness, and
simultaneously pairing standard nozzle temperature and higher print speeds could create areas of
higher strength. Future molecular dynamics simulations for the predictions of polymer chain
locations with FFF boundary conditions and structural dynamics simulations for testing crack

growth in FFF materials can eliminate this conjecture.

1.3.3 Polymer Diffusion for Bead Contacts

Polymer diffusion, which is the primary mechanism in which the FFF deposited beads interact
with previous beads, is an additional area that demonstrates the impact of entanglements,
temperature, and molecular weight.[82] The Doi-Edwards theory has a direct relation with
diffusion and temperature.[83] Recent work has investigated and elaborated on polymer
architectures effect on polymer dynamics in the melt[84] due to the Rouse model not being
generally applicable even in the simple case of unentangled polymers.[85,86] When discussing
polymer diffusion and the computations surrounding it, hydrodynamic radius (Rn) and radius of
gyration (Rg) are introduced, and while they are more commonly reserved for polymer solutions,
they do appear in polymer melt texts, which could extend to future FFF investigations. These terms
are defined as the average distance of a chain element from the center of gravity of the chain and
are proportional for a linear chain molecule.[55] These values are required when calculating the
diffusion coefficient D.

The interpretation of the diffusion work and scaling laws as it relates D to Ry and Rgq is that, in a
coarse grain sense, polymer chains are comparable to tracer particles which “sense” local viscosity
differences form the macroscopic viscosity. Diffusion is then predicated on the sizing of those
particles and as such the radius size of the particles, when compared to the Ry and Rg, must be
similar for this hypothesis to hold, which it does according to the data collected by Chremos et.
al.[84] The hypothesis of particles in diffusion comparing to the Rn and Rg extends to rationalizing
the dependence of D based on the hydrodynamic polymer size by conceptualizing polymers in the
melt as soft particles. The conceptual relationship of polymers in the melt as soft particles can then
be extended to entangled polymer systems by assumption of a transition similar to that found in
the Stokes-Einstein relation. This transition is observed in dynamically heterogeneous liquids due
to the formation of particles clusters, and if such a transition exists on the scale of Rq to

heterogeneous polymer dynamics underlying the entanglement phenomenon, then the power law
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scaling transition of shear viscosity would occur.[84] Chremos et. al. suggest that the transition
between the power law scaling observed for all different polymer architectures can be rationalized
as the emergent dynamical heterogeneity that is characteristic of strongly interacting soft particle
systems.[87]

It is of note that higher printing temperatures or printing parameters that allow the print to stay
hotter longer can counteract the stretching and orienting effects discussed earlier. By keeping the
system at a higher temperature, the capacity for the polymer chains to reach more entropically
favorable configurations is increased which presents itself as a reduction of the internal stresses
imparted by the manufacturing process. The increased capability of the polymer chains to reach
more favorable configurations is the concept behind annealing systems, but because the FFF
process constantly is adding heat to the system with each deposited layer, an annealing type
reaction is expected in the previous layers, depending on how long the polymer chains remain
above a temperature that allows high chain mobility. The extent to which the polymer chains can
move and anneal is discussed above and is tied to the hydrodynamic radius or the radius of gyration
of the polymer chains in question. It is also dictated by whether the polymer can form crystalline
domains in which the crystalline versus amorphous domains are impacted by the temperature. The
more favorable the entropic conformations, as shown in Figure 7, of the polymer chains at the

interface are, the more resistant that interface is to crack growth.

Low Entropy High Entropy

Bead 1
- |nterface ............... == @@ A N\ N/
Bead 2

Figure 7. The lower entropy system on the left relies on fewer polymer chains to resist fracture

at the interface due to a lack of long-range diffusion

Keeping the previously discussed annealing in mind, Song. et. al. demonstrated that in a PLA
system, the FFF process led to a higher percent crystallinity as compared to the injection molding
using differential scanning calorimetry (DSC).[88] This was then associated with an increase in
the fracture toughness of the material. However, when the researchers annealed the FFF test

specimens, they found no increase in the percent crystallinity but found a decrease in the overall
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strength. Through the annealing process of PLA, it is expected that there would be an increase in
the crystalline domain size or number of crystalline domains, increasing the overall percent
crystallinity. The stretching and orienting effect of the polymer during deposition could be the
limiting factor for increased crystallinity, where the chains reached a certain topological entropy
that was limited. If the highest crystallinity was achieved, the crystalline regions impeded the
polymer chains in the amorphous phase during the annealing process. The polymer chain mobility
restriction hypothesized by the crystalline domains is an interpretation of the potential causes by
the authors and was not further investigated by Song et. al., but that hypothesis does demonstrate
an increased need in the research of FFF specific phenomena at the polymer chain level during the

FFF process.

1.3.4 Rheological Phenomena: Slip Springs and Beyond

The modeling and understanding of polymer chain dynamics is ever evolving without a consensus
on the molecular basis of polymer rheology itself. Much like the aspirations in other branches of
physics, a reductionist truth of fundamental polymer physics has been pursued since the theories
introduced by Kuhn, Flory, and de Gennes.[89-91] Advances in the experimental measurement
and technology surrounding polymer physics has seen coinciding advances in the rheological
theory, and thus it is likely that FFF could provide further testing grounds for modeling and testing.
Due to the complex boundary conditions of changing temperature, pressure, orientations, etc,
further development of the molecular dynamics simulations of polymer chains provide an

interesting proving ground for better understanding polymer chain dynamics.

A competing model to the tube theory[92] and evidence of contradictory behavior of polymer
chains under extension[78] are provided by several more recent advancements in polymer
rheology that are of importance for future predictive modeling of FFF. One of the competing
models for polymer chain dynamics was developed by Likhtman et al that contests the future value
of the tube theory due to a lack of definition of the primitive path in terms of chain
coordinates.[64,93] This contestation has led to the above discussion on tube theory where certain
explanations and ansatz do not hold in different environments such as melts versus solutions. The
primary parameter in tube theory is the singular number of entanglements, but if tube theory is not
a single parameter theory, then finding this number of entanglements is not pertinent.[64]

Likhtman et. al. proposed the slip-spring model which states individual entanglements can
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potentially be modeled by slip-springs and subsequently defines entanglements as persistent
contacts between the mean paths of polymer chains.[64] The slip-springs concept suggests that
tube diameter, a, does not impact the fluctuations of the chain perpendicular to the tube, but only
the properties along the contour. The impact of the tube dimeter only affecting the properties along
the contour changes the physical meanings of the parameters a and Ne, or Z as listed in the
referenced work. Instead, a constructed freely jointed chain with a certain contour length and
average square end-to-end distance would have Z steps of length a in an equivalent chain. The
change of the physical meaning of the parameters a and Z separates the number of entanglements

from the associated mathematical parameter by changing the interpretation.

Further work exploring the slip-spring model includes expansion into contour length fluctuations
and constraint release.[94-96] An important take away from these works is the ability to model
various constraint release environments and slow chain versus fast chain behavior. In the case of
FFF where the part has varying heat transfer into the system after initial deposition, the overall
ability to more readily track and predict chain locations in multiple different constraining
environments is important. One of the major advantages of the slip spring model for researchers
is the contribution of a model with the equations of motion for chain coordinates clearly specified
which is lacking in the aforementioned tube theories. In the expansion and exploration of the
constraint release and contour fluctuations, there is preliminary success of applying a tube model
description to the results of a slip-spring model. This agreement provides some evidence that these

two different approaches can be reconciled and unified in the future.

On a fundamental level, in FFF literature, the reptation of polymer chains between layers dictates
the mechanical crosslinking necessary to provide the toughness of the manufactured part. The
governing concepts explored above in relation to polymer chain behavior and entanglements still
hold, but it is important to note that the way in which we model the behavior of polymer chains
can increase the change in how those materials resist fracture, and therefore their calculated
fracture toughness. Changes in how polymer entanglements are viewed and therefore modeled
need to be included in the adaption of fracture mechanics for FFF. While utilizing the governing
rheology and thermodynamics to conceptualize changes in fracture toughness is one aspect, the
predictive modeling and integrated computational materials engineering worlds require accurate

polymer chain and rheology models.
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1.4 Fracture Mechanics and FFF

Before World War 11, there was little emphasis placed on material defect or crack propagation in
a material. It was thought that these small cracks could not affect the grand structures built of steel
during this time. However, after a series of catastrophic failures in the 1940s-1950s, including the
hull cracking of the SS Schenectady and the three fatal de Havilland Comet crashes, rapid
expansion in the field of fracture mechanics occurred.[97,98] Fracture mechanics is the
encompassing field in solid mechanics that addresses the propagation of a crack through the
material and the material’s ability to resist this failure. During this same time, the damage tolerance
approach to engineering design gained traction due to the emphasis it placed on a material’s ability
to withstand a small enough amount of damage that could be detected during inspection and be
repaired prior to failure through a maintenance plan, to design and build safer structures. At the
heart of this damage tolerance approach is the ability to predict crack growth through a material
using fracture mechanics principles. Given the complexity of modern engineered parts, such as
those fabricated with FFF, the need for advanced fracture mechanics testing, modeling, and
analysis has never been greater. This section discusses the current state-of-the-art and future needs
in fracture mechanics for FFF.

1.4.1 Fracture Mechanics Concepts and Terminology
In order to better understand the current state of the art in fracture specific to FFF, a brief history
and discussion with regards to the different fracture terminology and concepts is provided.
Previously discussed intrabead, interbead, and interlayer regions, Figure 1, within an FFF part all
have different rheological concerns as outlined above, but also create the need for different fracture
terminology and tests to be applied. The establishment of fracture mechanics was based on
observations by A. A. Griffith[99] when analyzing the failure of bulk glass, where the stress needed
to break bulk glass was about 100x less than the stress needed to break the atomic bonds of glass.
To reconcile this difference, Griffith hypothesized the presence of microscopic flaws in the bulk
material. To test this hypothesis, Griffith introduced a large surface crack in the material and found
that the stress to cause fracture multiplied by the square root of the crack size was almost constant.
This finding however, created a conundrum in linear elastic materials where the stress at the tip of
a sharp flaw is infinite. A thermodynamic approach was subsequently introduced to explain this
relation. As a crack propagates the surface areas on either side of the crack grow, therefore
increasing the surface energy. This correlation allowed the stress at fracture (of) of a specified
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crack length (a) to be related to the Young’s modulus of a material (E) and the surface energy

density of the material (y).

orva = % Eq4
Uf\/—z % Eq5

The quantity 2y was combined into the Griffith Critical Energy Release Rate, G¢, directly relating
the force of fracture to the bond energy. As the applicability of Griffith’s finding was limited to
brittle material systems, additional investigation under the direction of G. R. Irwin at the Naval
Research Laboratory advanced its relevance to a much larger range of materials which would
include metals and then later polymers.

Despite the applicability Griffith’s equation to steel, the predicted surface energy was
unrealistically high for ductile materials. Irwin et. al. theorized the role of plasticity at the crack
tip in affecting the fracture of ductile materials, which includes the polymer material systems
currently used in FFF.[100] In a ductile material, a plastic zone forms in front of the crack tip and
grows with increasing stress until the crack propagates and the elastically strained material behind
the crack tip is unloaded. Due to a cyclic plastic loading at the crack tip, energy is dissipated in the
form of heat and Irwin subsequently introduced a dissipative term, Gp. Depending on the brittle or
ductile nature of the material meant that the surface energy density (y) or the dissipative term (Gp)

respectively dominated in the energy release rate, G, as shown in Rquation 6.
G=2y+G, Eq 6

Irwin and his colleagues next introduced the ability to calculate the amount of energy needed for
fracture based on the asymptotic stress and displacements around the crack tip in a linear elastic
solid, Equation 7 where oijj are the Cauchy stresses, r is the distance from the crack tip, 0 is the
angle with respect to the plane of the crack and fj; are functions dependent on geometry. The stress
field around the crack was related to the value K, the stress intensity factor. Beyond the stress field

relationship, he proposed that if the plastic zone is small compared to the size of the crack, a purely
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elastic solution may be used to calculate the energy needed for fracture using K. The stress

intensity factor relationship to the energy release rate is shown in Equation 8.

K
a;j =\/2_%fij(9) Eq7
Kf
- plane stress

G=G = (1-v2)K? Eq8

- plane strain

When G reaches the critical value, G¢, fracture becomes unstable. The corresponding critical value
of K is called fracture toughness denoted as Kic in the plane strain condition for mode I. There are
three different modes in fracture mechanics depending on the loading system. Mode I is
characterized as crack opening, mode Il as in plane-sliding, and mode 11 as out of plane tearing.
Very commonly a material will experience some mixed-mode type loading requiring the
determination of mixed mode fracture properties. Fracture properties may be dependent on
material orientation. For example, within crystalline polymeric systems used in FFF, grain
boundaries and orientations caused naturally or by the manufacturing process can cause orientation

specific material intrabead properties.

In order for a material system to be treated as a linear elastic problem, the fracture must be brittle,
but many polymeric systems undergo too much yielding and must be analyzed using elastic plastic
fracture mechanics. Both Rice[101] and Cherepanov[102] independently developed a new
toughness measure in the case where sufficient deformation at the crack tip occurs. Both showed
that an energetic contour integral around the crack was path independent and was named as the J-
integral. The Jic is the mode | strain energy release rate per unit fracture area for elastic-plastic
fracture mechanics (EPFM) and in the J-integral approach, it reduces to the Griffith criteria for

linear-elastic fracture mechanics (LEFM).

While the above concepts apply to intrabead fracture, additional consideration is needed for
interface damage prediction, because the interfaces between layers appear to have different
properties than the bead material. Within FFF parts there are many interfaces between beads that
behave similarly to the interfaces between lamina in composite laminates. For example, in the case
of a composite laminate, interlaminar fracture toughness testing is used to quantify delamination

between the lamina. The distinction is made between fracture tests of homogeneous materials and
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composite materials in the current ASTM and ISO standards[103], and both types of tests are

needed to characterize fracture in FFF parts.

1.4.2 Linear Elastic Fracture Mechanics for FFF

Several studies on FFF fracture toughness have been performed using the LEFM framework laid
by Griffith and Irwin. Song et. al.[88] produced three sets of single edge notch bend (SENB) test
specimens, machining these specimens from 0° and 90° FFF polylactic acid (PLA) blocks, Figure
8, as well as an injection-molded PLA block. The SENB test specimen is a standard test for plane-
strain fracture toughness of plastic materials.[104] The 0° specimen was designed to test the
intrabead fracture toughness and the 90° specimen was designed to test the interlayer fracture
toughness. The test set up employed a laser extensometer and a digital image correlation (DIC)
system to observe the displacement as these tests. Song et. al. produced an R-curve for the fracture
toughness from the test results, where the stress intensity factor K is plotted as a function of the
crack extension. The results demonstrate that the FFF material is tougher than that of the injection
molded material and the fracture toughness is higher in the 0° direction when compared to the 90°

print direction.

Figure 8. SENB specimen with the two bead orientations and an example printed SENB

specimen post testing with varied crack path due to printing orientation

These results are explained because the ultimate tensile strength in the 0° print direction is higher
than that of the 90° print direction, but the higher fracture toughness of the 90° print direction
compared to that of the injection molded PLA is unexplained. The 90° print direction specifies
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loading directly onto the layer and bead interfaces which from tensile testing has shown to have
weaker adhesion leading to the explanation of orientation dependence. However, a fully
homogeneous part from the molded specimen should theoretically have superior toughness. The
authors concluded that there were very different methods of crack propagation at play due to the
filamentous nature of the FFF part. For the 0° specimen, the crack advanced in a single plane with
an occasional kink by 90° causing delamination between the inter-layers, resulting in dissipation
of additional energy. For the 90° specimen, the crack advanced in an irregular fashion where the
topology of the fracture surface possessed a higher surface area characterized by a wavy fracture
surface. The fracture surface of the injection molded specimen was much smoother than those of
the FFF printed parts. This fracture surface suggested a surface boundary layer with different
mechanical properties that were consequential with the non-uniform cooling rates in the injection

molding process.

Song et. al. concluded that the mechanical response of FFF PLA was anisotropic and asymmetric
in nature with a direction-dependent fracture behavior.[88] Also compared to the homogeneous
injection molded PLA, the FFF specimens had a higher crystallinity, reducing the ductility of the
material and increasing the fracture toughness. This increased toughness is due to the layered and
filamentous nature of the 3D printed material and the associated complexity induced in the

microscopic mechanisms of fracture.

McLouth et. al. further investigated intrabead fracture by correlating fracture toughness (Kic)
variation with mesostructure in FFF parts through the use of compact tension tests.[105] The
compact tension (CT) specimens for mode I fracture toughness tests used in this study were printed
in multiple orientations containing various raster orientations. The print orientations were labelled
XZY, XYZ, and ZXY with XY defining in-plane directions and Z the out-of-plane direction.
Therefore, the material is deposited in the XY plane and then built up with layers in the Z direction.
So, these specimens were printed on the bed in three different configurations with two different
patterns for the infill of the part. This notation is important to define the orthotropic nature of the
parts, but also provides a point of confusion in comparing studies due to varying terminology and
experimental controls. With the XZY print orientation, the crack was planar to the XY plane and
the two raster orientations were 0°/90° and +45°/-45°. In the XY Z print orientation, the crack was

planar to the XZ plane and were printed with the same two raster orientations as the XZY. Finally,
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the ZXY print was printed with the crack planar to the ZY plane, also with the same raster

*

orientations.

\ 4

Figure 9. CT test specimen with two potential orientations to measure fracture between layers
(top) and through the bead (bottom).

McLouth et. al. found that the print and raster orientation in the CT samples significantly impacted
the fracture toughness. [105] It is noted that in the work by McLouth et. al. they found that the
specimens exceeded the conditions needed to be reported as true linear-elastic plane-strain fracture
toughness requirements. In the two orientations that had half or more of their filaments orthogonal
to the crack plane, the fracture toughness was higher due to these filaments being an obstacle to
crack propagation. These fracture toughness values were in the middle of reported ranges for bulk
ABS with the range of Kic being roughly 1.1-4 MPa*m*2, In the other orientation the fracture
toughness was lower due to a reliance on the weak interfilament bonding. The toughness, as

reported in
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Table 2, was on the lower side of the reported toughness values for bulk ABS. It was also reported
that when filaments adjacent to the crack tip were loaded along their axis, the plastic zone was
larger. The plastic zone size dependence provides a compelling argument of the importance of the
mesostructure to the measured fracture toughness in FFF. Additionally, in the +45°/-45° specimens
the mesostructure encouraged branching which showed improve toughness, however this
deviation to a mixed mode of failure contributes to increased energy dissipation and increased
toughness. Mesostructural effects are an important analysis when discussing the qualification of
material versus certification of parts, where the material resistance to fracture is impacted heavily

by the mesostructure and therefore becomes even more application dependent.

1.4.3 Elastic-Plastic Fracture Mechanics in FFF

Previous work in the strength and stiffness domains have endeavored to determine fully optimized
printing parameters for FFF polymers such as PLA. The goal of these studies was to determine
how to fabricate an FFF part without producing a substantial number of voids in the final part due
to the raster pattern. A study performed by Arbeiter et. al. examined the fracture properties of PLA
produced by FFF in the CT and SENB test configurations for orientations of 0°, 90°, and 0°/90°
printed using optimized parameters[45], and several important observations were made. One
observation was that for monotonic loading, the LEFM criteria could not be met, therefore the
EPFM criteria or the J-integral should be used for fully optimized printing conditions. For these
tests the J integral was evaluated according to the following two equations based on the SENB
standard[106]:

__m
]0 - B(W—-ag) Eq 9
.75n—-1)A
J =] * (1 _ (075n=1)Aa 7W”_a10) “) Eq 10

where, U is the integral of the force-displacement (P-3) curve, n is a geometry dependent factor,
ao Is the initial crack length, and Aa is the incremental crack propagation.[106] Both W and B are
geometry values from the test specimen of length and width respectively. This study was
performed with the three-point bend test using the SENB test specimen to determine mode |

fracture toughness.
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The results from this study demonstrated that there were no voids or other processing induced
defects for the 0° and 90° specimens, but some small observable defects were seen in the 0°/90°
specimen. The 90° specimen had the highest fracture toughness with the 0° and 0°/90° specimens
comparable. Upon inspection, Arbeiter et. al. found that there was slightly more area of plastically
deformed material, shear lips and ruptured fibrils, on the fracture surface compared to the other
orientations.[45] The slight improvement of ductility could be explained by the shorter time
between bead depositions in this orientation. Arbeiter et. al. note that for the 0° orientation the
beads are deposited over the length of 44 mm, where they were only printed over a length of 10
mm for the 90° specimen. Due to the insulating nature of polymeric material, the high cooling
rates of the surface of each deposited bead compared to the middle could be a reason for the
difference in fracture toughness and observed ductility. Arbeiter et. al. recommended further
exploration using more sophisticated morphology characterizations such as small angle x-ray
scattering (SAXS) or wide-angle x-ray scattering (WAXS) to provide further insight into the
morphology and fracture-mechanical properties. This recommendation by Arbeiter et. al. further
supports the need for advanced rheological experimentation to pair with the FFF specific processes
to elucidate the processing-structure-performance relationships.

1.4.4 Interlaminar Fracture in FFF

Hart et al performed the same SENB test previously mentioned on ABS polymer and described
the printed specimens as “laminates”, where each lamina is a layer of material parallel to the print
bed with a nominal thickness of the corresponding layer height.[107] Specimens were then
designed to examine the orthotropic fracture behavior of this ABS material, where vertically
printed SENB samples, horizontally printed SENB samples, and obliquely printed SENB samples
were manufactured to encompass the various orientations. The vertically printed SENB specimens
were designed to test the inter-laminar fracture toughness, the horizontally oriented SENB samples
were designed to test the cross-laminar fracture toughness, and the obliquely oriented SENB

samples provided qualitative results corresponding to fracture between and across laminae.

In the vertically printed SENB specimens, Hart et al found that the mode | stress intensity factor
Kic and the critical elastic-plastic strain energy release rate Jic were comparable to brittle solids
and not typical of plastically deformable polymers like bulk ABS. The observed brittle fracture

was contradicted by the evidence of tearing-type fracture at the interface which is common for
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ductile materials. However, regions of un-fractured material were observed as a result of the
porosity and individual raster lines were also identifiable. As compared to the Song et al study, the
processing parameters of the specimens in this study were not optimized to maximize infill and
minimize porosity. Hart et al hypothesized that the fracture behavior in the specimens is strongly
influenced by magnitude and regularity of the porosity; where areas of high weld line overlap
cause stress to build up and as crack initiation ensues, the crack moves to the fracture plane of least
resistance which corresponds to regions of high porosity. In the case of these vertically printed
SENB specimens, it is noted in the literature that there is a reduced ultimate tensile strength that

is heavily influenced by layer time and build height on small scale printers.[69]

In the case of the horizontally oriented SENB specimens, multiple types of fracture are observed
through SEM micrographs. A Power law fit was employed in the J-R curve and deviations were
attributed to the high variability in FFF parts, which is well documented.[69] There was significant
whitening in the crack propagation region as a result of crazing, indicative of elastic-plastic
deformation. Crazing occurs in polymers due to the materials combination of weak Van der Waals
forces and strong covalent bonds. For tension loading conditions, local stress overcomes the Van
der Waals forces and results in a small crack but it is not enough to break the covalent bonds. This
crazing happens in front of the crack front before crack propagation in these testing configurations.
Within the SEM micrographs of the crack propagation region, porosity attributed to the
manufacturing process is visible, as well as micro-porosity in the material. This micro-porosity

was attributed to the cavitation process during failure provided by the butadiene component.

The measured cross-laminar elastic-plastic Jic is comparable to that of injection molded ABS
SENB specimens but are slightly lower. This slightly lower value was attributed to the porosity
present in the FFF process. Higher porosity decreases the overall material volume and results in
increased crack propagation. Interestingly enough in this study, laminae orientation dictated the
crack path based on the obliquely oriented tests, and crack path did in fact follow the weaker
fracture toughness, the inter-laminar toughness. Hart. et. al found that the interlaminar fracture

toughness was almost an order of magnitude lower than that of the cross-laminar fracture.

Aliheidari et. al. employed the double cantilever beam (DCB) test specimen in order to test the
fracture resistance and interlayer adhesion of FFF printed ABS, Figure 10, due to the nature of the

layered structure and the considerable impact the adhesion between layers has on the mechanical

26



properties.[108] This standard specifies testing for the mode I interlaminar fracture toughness of
unidirectional fiber reinforced composites. The DCB test specimen was chosen due to the
prevalence of beam-type fracture specimens for fracture characterization of layered materials. This
test specimen was printed to the specified dimensions directly onto the bed with all the layers
oriented in the longitudinal direction, Figure 10. This control of the print direction in this case
results in the same interface and print conditions locally in sequential layers where cross hatched

layers would have provided additional variability.

Figure 10 Example of DCB test specimen loaded in tension for mode | fracture toughness shown
on left. Shown on the right is the orientation of the beads longitudinally with the orange arrow

showing crack direction.

In the results of this testing the load increased, but at a nonlinear decreasing rate, after crack
initiation started and before the onset of an unstable, sudden crack growth. The load increase was
attributed to the toughening or the damage zone development ahead of the crack tip. An increase
in the load before crack initiation was observed for specimens with a higher nozzle temperature,
which is attributed to the better layer adhesion in higher print temperature parts. Additionally, the
amount of surface intact was greatly increased with increasing nozzle temperatures. The surface
intact ratio specified by Aliheidari et al is the ratio of the actual and nominal fracture surface areas.
So, in this case due to the voids imparted by the FFF process, there is not a uniform and completely

homogeneous cross section. The higher surface intact ratio is attributed to the viscosity of the
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polymer melt at different temperatures affecting the surface area contact, as discussed in the

previous sections.

The apparent fracture resistances of these specimens, measured using the J-integral method,
significantly increased with increased print temperature. The resistance to fracture is a coupled
consequence of the interlayer adhesion and the mesostructural features. Aliheidari et. al. decoupled
these two by introducing the interlayer fracture resistance calculated by the surface intact ratio. It
is noteworthy that even when adjusting for the mesostructural effects, the interlayer Jic did not
converge to a single value, indicating a stronger mechanical crosslinking present in higher print
temperatures. These values were comparable to bulk ABS when printed at 240°C and agrees with
the dynamics discussed in previous sections, where increased temperature and increased time at

temperature allow for a greater inter-diffusion of polymer chains between layers.

Interlayer fracture toughness was also investigated by Young et. al. using a modified version of
the ASTM D5528 DCB specimen.[46] These specimens were compared to the same ABS and
carbon fiber reinforced ABS (CF-ABS) material manufactured using hot press molding (HPM)
and in the SENB configuration. Young et. al. found a reduction in the fracture toughness compared
to the HPM specimens and that the fracture toughness of the CF-ABS was lower than the
unreinforced ABS in both cases. In the case of the DCB tests, both materials demonstrated some
nonlinearity prior to macroscopic crack extension, likely due to crack tip plasticity or onset of the
crack at the center of the specimen. The amount of fracture toughness reduction imparted by the
FFF process of two-fold for ABS and ten-fold for CF-ABS, resulting from the ductile and brittle
fracture respectively. The explanation was that the CF-ABS rasters cool much quicker, reaching
the glass transition temperature four times quicker than pure ABS. This rapid reduction in
temperature results in decreased ability for the polymer chains to reptate between layers. Young
et. al. note that the processing parameters were not optimized for fracture toughness and instead
were optimized to produce a reproducible test. This distinction is currently an important
component of FFF research, where mesostructured versus material properties are hard to discern

and often times compound effects.

In the work done by Spoerk et. al. however, the interlayer strength in PLA was evaluated
parametrically by analyzing the various effects of layer height and deposition temperatures on two

different raster patterns of printed PLA specimens.[109] The interlayer fracture toughness was
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evaluated using the DCB specimen and the two patterns consisted of layers stacked directly on top
of each other and shifted to an extent to where the beads sat on top of the contact area between the

beads in the previous layer, Figure 11.

¢+ ¢

* <

Figure 11. Two different stacking patterns used to investigate the interlayer adhesion.

Spoerk et. al. found that the shifted layer-design outperformed the stacked layer design for intra-
layer loadings, however the stacked layer design provided the best fracture toughness for interlayer
loading.[109] They also reported that higher printing temperatures create more plastic deformation
during testing and in the highest printing temperature, craze formations and irregular crack paths
were observed similar to those that a molded part would exhibit. When the printing parameters
were optimized for inter-layer strength, Spoerk et. al. found parts with homogeneous cross-
sections, high degrees of diffusion between layers and the aforementioned failure surfaces. They
concluded that under the best settings, the DCB test, which is meant to test layered structures, did
not provide any insight into the inter-layer cohesion and suggest that under optimal printing

conditions, other tests such as the SENB test be used.

1.4.5 Complexity of fracture in FFF

Fracture mechanics as a field is a century old and considerable progress has been made
encompassing various material systems, elastic-plastic behavior, inclusions, voids, and other
complex behaviors relevant to the damage tolerance of FFF parts. The advancements in fracture
mechanics have created a wealth of knowledge but also demonstrate the importance of choosing
the appropriate test type for the material and fracture behavior under consideration. Additionally,
relating microscopic phenomena to macroscopic response to load is a cornerstone of fracture
mechanics and with that comes the need for further evaluation of FFF relative to the material

microstructure which is governed in large part by the print parameter settings.

A major observation by Arbeiter et. al. was that the fracture behavior is not highly dependent on

the printing orientation when the print parameters are optimized.[45] Arbeiter et. al. found that the
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90° orientation demonstrated higher ductility which was attributed to less time between subsequent
rasters and therefore good thermodynamic conditions for interdiffusion and crystalline domain
formation. The orientation independent behavior was only observed in the SENB specimens and
Arbeiter et. al. attributed that to the specimen shape and symmetry differences between the CT and
SENB specimens. This study shows that it is possible to achieve almost homogeneous fracture

toughness in FFF test specimens.

The change in the fracture toughness to be independent of orientation suggests that the internal
mesostructure is itself a toughening mechanism that can be explored. The two prominent domains
are the interlayer and the intrabead with a relatively brittle interlayer and the tougher intrabead.
These two domains interact within a part that is printed with multiple directions causing potential
toughening through mixed mode fracture.[105] However much like in other polymer based
materials there was an increase of toughness with fiber content to a point. Each system and additive
creates variance where the returns diminish, but it is common that additives such as fibers can
create initiation sites for further crack propagation within the matrix.[110] Increasing the fiber
content increases the elastic moduli and adds in voids causing a move towards more brittle fracture.
Overall the major contribution to the toughness in the FFF polymer system is the covalent bonding
of the polymer chains and the overall mixing obtained, where the near homogeneous fracture
surface demonstrated equal or higher fracture toughness in mode I. With the complex nature of the
FFF parts in mind, a summary of available data for the fracture toughness of FFF plastics is
provided in Tables 1, 2, and 3.
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Table 1. Test specimen and fracture toughness of PLA by various authors to date with standard
deviation (S.D.) provided when available. Not valid designates specimens that exceeded the
linear elastic range and therefore K or G do not apply.

PLA
Test Specimen Orientation Kic (MPa m¥?) S.D.
0° 5.05 0.19
Song et. al 5
[88] SENB 90 4.06 0.15
moulded 2.87 0.51
PLA
Test Specimen  Orientation Kic (MPa m¥?) S.D.  Jic(IIm?) S.D.
0° Not valid - - -
CT 90° Not valid - - -
Arbeiter et. 0°/90° Not valid - - -
AI [45] 00 - - 5750 -
SENB 90° - - 6790 -
0°/90° - - 5960 -
PLA
Test Specimen Top Gic (I/m?) S.D.
220°C /0.3mm 3850 340
200°C/0.25mm 1300 200
Spoerk et. 250°C/0.25mm Not valid high
al.[109]
DCB 210°C/0.25 5100 690
210°C/0.2 2000 600
Shifted
220°C/0.3mm 1180 150
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Table 2. Test specimen and fracture toughness of ABS and CF-ABS by various authors to date
with standard deviation (S.D.) provided when available.

ABS
Test
Specimen Orientation  Kic (MPa m*?) S.D. Jic (3/m?) S.D.
0° - - 2260 -
Hart et. SENB 90° 0.789 0.131 256 84
al.[110] 75° - - - -
SENB from
Luet. al moulded - - 3600-5900 -
ABS CF-ABS
Test Print
Specimen Condition Gic (J/m?) S.D. Gic (J/m?) S.D.
Young et. DCB 225°C 1800 210 360 60
al.[46] Gic (/m?) SD. Ge(m?)  SD.
hot press
SENB moulded 3440 150 3090 380
ABS
Test Nozzle Jic (I/m?) Jic (I/m?)
Specimen Temperature apparent S.D. corrected S.D.
210°C 953.71 29.83 2167.56 67.62
Aliheidari
et. al[108] DCB 230°C 21720 60.77 3560.65 99.62
240°C 2731.87 119.94 3907.55 143.13
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Table 3. Test specimen and fracture toughness of CF-ABS by various authors to date with S.D.
provided when available

CF-ABS (BAAM)

Test

Specimen Initial Temp Gic (3/m?) S.D.
cold 630
50°C
hot 4230
Nyez et cold 670
al.[111] 70°C
DCB hot 3850
cold 1560
100°C
hot 3420
150°C cold=hot 5410

From the current literature on fracture toughness evaluation there is no consensus on the best
approach to fracture testing. Both the behavior of a laminate or of a homogeneous part are observed
in FFF parts, depending on the printing parameters, and thus the rheological phenomena at play.
The research discussed in this section demonstrates the importance of the print parameters on
mesostructure and the subsequent effects on fracture behavior. Further exploration into the
laminate versus homogeneous classification of the behavior of FFF parts is needed in order to
create the robust standards that are essential to the qualification of materials in FFF applications.
While most research to date has focused on mode I, mode Il and mixed mode fracture must also
be fully characterized to ensure the structural reliability of FFF parts under general loading
conditions. Exploration into mode 11 (Giic) been initially performed but on a limited basis.[49]

1.5 Scale up of FFF

One of the interesting evolutions of the FFF landscape is the simultaneous advancement of small
scale, desktop style printers and industrial scale, Big Area Additive Manufacturing (BAAM)
printers. BAAM systems were originally developed by Oak Ridge National Laboratory (ORNL)
in conjunction with Lockheed Martin with the goal of printing large components at high rates with
lower-cost material.[113] This original technology was primarily proof-of-concept and later
ORNL partnered with Cincinnati Incorporated to develop a BAAM system at the prototype stage
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which has now become commercially available. This system offered a process that is 10x larger
in size and 200x faster than conventional FFF systems.[29] Both desktop printers and BAAM share
the overarching print mechanism of layering 2D shapes of molten plastics to create a 3D end part,
however the mechanisms and the print strategies used are quite different. Small scale desktop
printers utilize filament, which is an extruded wheel of plastic in a set diameter that is then fed into
the machine to be melted. In the case of BAAM printers, plastic pellets are fed into a screw extruder
where they are heated, melted, and mixed before extrusion. The schematics of the filament-based
and pellet-based nozzles are diagramed in Figure 12. The major differences here are the
mechanisms to obtain the melt temperature and the requirements of print speed and layer times.
Despite both printers fabricating parts using the FFF technique, there are significant
phenomenological differences relevant to the fracture behavior between parts printed on a large-

and small-scale printer.

The relative volume to surface area substantially changes between large scale and small-scale
prints creating different build strategy requirements to create a dimensionally accurate and
mechanically sound part. As the molten plastic leaves the nozzle, it instantly begins a cooling
process from the localized atmosphere in the area directly surrounding the nozzle and the print. In
the case of the larger prints, there is a larger volume of heated material creating a higher
temperature in the area directly surrounding the print and near the nozzle. However, contrasting
with small scale prints, there is a larger amount of free volume compared to print volume, which
drastically cools the surface area of the parts. Taking the common nozzle size of a BAAM printer
(7.62mm) and the common nozzle size of a desktop FFF printer (0.4mm) and comparing the
volume to surface area ratios of a 10mm long extruded section of filament demonstrates the basis
for the difference in how the prints interact with a cooling environment. The volume to surface
area ratio of the BAAM section was 1.38 whereas the ratio was 0.098 for the desktop printer.
Having a higher volume to surface area ratio in an insulating material means more heat is retained
to stay above the glass transition temperature. If we invert the 0.098 ratio to calculate surface area
to volume ratio, the surface area is nearly 10x that of the volume, creating surface area that is
cooled at a much more rapid rate than with BAAM. In these areas the surface polymer chains
contract and are frozen into place, building internal stress and shape deformation, commonly

referred to as warping.
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Figure 12. A) Filament based desktop scale FFF schematic B) screw-based pellet extruder in
BAAM schematic

Figure 13. Small scale print evidence of warping as print pulls off the bed during print

This difference between the large- and small-scale prints creates a different optimization for print
temperatures and layer times, where larger prints suffer more from sagging and smaller prints
suffer more from warping, Figure 13. In order to avoid these undesirable effects, build strategies
are changed with regards to cooling and patterning, creating a corresponding variation in the
mechanical properties including fracture toughness.

In the case of print speed, the overall ability of the print to retain heat influences the optimal pattern

for the desired result. In the case of BAAM, building in down time between prints and creating

35



longer layer times is necessary to avoid the sagging discussed previously, however in the small-
scale prints, faster layer times is needed to ensure optimal material mixing at the layers. If the
small-scale prints do not experience a certain amount of mixing at the layers, there is a lack of
adhesion. The restriction imposed on print quality by layer time is extreme in small scale prints,
where surface finish, layer adhesion, and dimensional accuracy are all affected by the layer time.
There are a few ways to offset this detrimental effect at the small scale, including changing the
nozzle temperature, fan speeds, and utilizing enclosures. These strategies differ on the BAAM
printers where the extrudate temperature is dictated by the speed and power of the screw in the
single screw extruder system. The temperature and melt quality are influenced by multiple zones
of mixing and melting along the screw extruder. Due to the multiple zones of melting, this differs
from the small scale where there is a single location where the polymer is melted. That difference
results in a difficult comparison of “nozzle temperatures” with regards to scaling up of prints and

effects.

Previous work on the BAAM system has followed similar paths to that of desktop printers with
research providing insight into the strength and stiffness and improving these properties through
the addition of short carbon fibers.[9] The addition of carbon fibers reduced the coefficient of
thermal expansion (CTE) and the fiber reinforcement acted as an enabling material to help provide
more consistent printing conditions.[113] Beyond the carbon fiber additions for better printing
quality, a tamping mechanism was developed by ORNL which provided significantly improved
interlaminar strength.[29] Compton et. al. studied the thermal profile of a part during print and
from this profile related part distortion to the printing conditions which provided insight into print
strategies for these large-scale prints.[114] Compton et. al. concluded that the steady state
temperature of the top layer prior to the new layer deposition can be used as an indicator for
cracking and warping in thin wall sections.[114] A major takeaway from the aforementioned study
was that the ambient temperature in the build chamber had the largest effect on the size of the print
that can be printed successfully.[114] In addition to exploring strategies for build optimization,
Ajinjeru et. al. studied the rheological behavior of thermoplastic systems with suitability for
BAAM printing in mind. This work led to a suggested viscoelastic model to predict the ability to
extrude/print materials in question.[115-118] And, much like desktop FFF, fracture mechanics
investigations are relatively new to the open literature signaling a shift towards further

qualification efforts.
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There are numerous similarities between the small scale and BAAM set ups, such as the effects of
bed temperature, material quality, fillers, etc that are not discussed here. By pointing out the
differences between the set ups, the stage is set for a major distinction moving forward. Despite
sharing the same overall concept of layering molten plastic to create a three-dimensional shape,
the local area thermodynamics and scale of the two systems greatly impacts layer to layer adhesion.
To date, no studies comparing BAAM and desktop fracture toughness of FFF polymers has been
published and therefore the printers’ effects on fracture toughness at various scales has not been
isolated. With the different factors at play, small scale and BAAM printers may need to be
categorized and investigated independently, where common approaches to fracture may

theoretically make sense across the platforms but do not apply in practice.

1.6 BAAM Fracture

The latest development from ORNL for BAAM systems is substrate temperature control for
interlaminar fracture toughness improvement.[119] Kishore et. al. implemented the use of infrared
radiation (IR) to preheat the surface of a printed layer to beyond the Tg prior to the next layer being
deposited. In order to test the effectiveness of the IR preheat process for interlaminar strength,
Kishore et. al. utilized the DCB test discussed earlier. Kishore et. al. calculated the fracture
toughness using the LEFM approach. Through the recording of load versus displacement, the
energy release rate G was calculated by:

_ 3PS
T 2b4,

Eq 11

where b is the sample thickness, P is load, & is displacement, and Ao was the initial crack length.
Three different lamp conditions and printing speeds were used. The slowest and intermediate
speeds showed improved fracture toughness in the conditions which exposed the print to two 500-
watt IR lamps at a set height. A large improvement was observed in the fracture toughness when
the IR lamps were positioned as close to the print as possible and printed at the slowest speed. In
these conditions, introducing a longer time and more heat to the system created a better
environment for interlayer diffusion as demonstrated by increased interlaminar fracture toughness.
Condition three at the lowest print speed reduced the overall fracture toughness leading to a
degradation of ABS conclusion of the high intensity lamps. With higher extrusion temperatures

and larger heating provided by IR there was always a reduction in the interlaminar fracture
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toughness most likely due to a polymer degradation and introduction of voids within a printed
bead.

This research was expanded upon by Nycz et. al. using the same set up of infrared preheating on
BAAM printed structures.[112] What Nycz et. al. demonstrated was an experimental set up for in-
situ control of the substrate temperature in order to control interlayer mixing. The IR preheating
was consistently able to raise the temperature of the previous layer to 150°C and improve the
fracture toughness by over 500%. This work demonstrated that raising the substrate temperature
beyond the Ty is a viable way to improve the polymer chain mobility across the interface and create

a better environment for long range mixing.

As of now, investigations of the fracture toughness of BAAM materials in the open literature is
limited as the technology is rapidly expanded and improved. Further fracture toughness specific
investigations into BAAM materials is necessary to quantify parametric effects on fracture, such
as the specified printing parameters and fracture specimen type. Currently for BAAM, only the
DCB specimen type has been utilized in investigating mode | fracture, but further testing of mode
Il and mixed mode fracture and the associated specimen types must also be addressed. A
preliminary investigation to determine Gy using an End Notch Flexure (ENF) test was
unsuccessful when failure occurred through the beads instead of along an interface whether the
specimen was oriented for interface failure of sequential layers or bead-bead interface failure
within the same layer. A leading cause of inconclusive test results is caused by the inability to
achieve crack initiation and propagation along an interface, when the interface is not planar, Figure
14. This conclusion is based on a singular set of tests with one material; however, the results
indicate the need for a rigorous set of standards for specimen preparation, testing, and results
interpretation. While the introduction of new testing standards for strength and stiffness in FFF is
already underway, additional research to support fracture standards is needed and the continued

investigation of BAAM as a unique FFF subset is important.
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Figure 14. End Notch Flexure (ENF) test specimen where failure occurred through the beads

and not at a layer-layer or bead-bead interface

1.7 Conclusions

While this review focused on the FFF of polymers, each of the many types of additive
manufacturing (AM) technology including stereolithography,[120,121] selective laser
sintering,[36,122] and FFF [123-125] spanning many material types provide advantages and
disadvantages, offering a range of manufacturing choices to meet the desired purpose of the part
or product. The future of the AM landscape requires further investigation of the fracture behavior
of AM parts in order to achieve widespread acceptance for fabricating primary structure. Specific

topics for future study identified through this review are listed as follows:

e Fracture toughness evaluations are necessary for material qualification.

e The experimentally obtained properties of an FFF material are sensitive to the test
configuration and dimensions as well as the print parameters.

e The quest to better understand the physical complexity that governs the diffusion of polymer
chains and entanglement phenomena at the interface in FFF is still ongoing and ever
complicated.

e The physics and thermodynamics of molecular chain motion, entanglement phenomena, and
diffusion is still not clear, but these are the fundamental sciences governing the joining and
adhering of polymer melts.
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[3]

[4]
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Unification of the testing procedures for fracture tests of FFF parts could provide a major boost
to those working on physics based multi-scale modeling efforts, where isolating a certain set
of rheological boundary conditions at the layer to layer level reduces the overall variance in
validation of models to experiments.

Standardized testing is also essential for material qualification and part certification given the
varying testing procedures and nomenclature throughout the literature.

As the study of the effects of defects becomes more common place, unified testing standards
would provide a clearer picture of individual effects of forced or circumstantial defects.

In addition, further exploration into the classification of the material as homogeneous or as a

laminar is important for the design of fracture tests and standards in the future.
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2 Uniaxial Tensile Testing Standardization

2.1 Abstract

Fused filament fabrication (FFF) is a material deposition technique enabling the rapid production
of on-demand, customized parts. To support the widespread implementation of FFF into
manufacturing supply chains, the qualification of existing and emerging materials for FFF must
be standardized, necessitating new and/or modified classification and testing procedures. Current
standards do not account for the entire design space capable of FFF technologies. The objective of
this investigation is to provide the knowledge needed for development of new standards and
practices as demonstrated using the example of the tensile strength of fiber reinforced plastic parts

fabricated through FFF. This research is published under the following citation.

2.2 Citation

William H. Ferrell, Jason Clement, and Stephanie C. TerMaath. “Uniaxial Tensile Testing
Standardization for the Qualification of Fiber Reinforced Plastics for Fused Filament
Fabrication” Mechanics of Advanced Materials and Structures 0 (2019): 1-20.

2.3 Conclusions

Despite the revolutionary impact of AM technologies, the lack of repeatable testing standards that
encompass the complexities unique to printed AM materials has slowed market uptake and limited
the overall scope of applicability. New AM standards would provide engineers, scientists, and
user/operators the ability to globally compare test results for design and manufacturing, further
allowing localized and distributed manufacturing infrastructure to emerge. The ability to account
for the anisotropic nature of the part as well as the effects of additives and material blends on the
strength and stiffness obtained through tensile testing is needed before widespread adoption of
FFF parts for primary load-carrying structure is achieved. In order to create these qualification
standards, investigations and reports of processing parameters, orientations, scale-up, and many
other complexities are needed while accounting for interacting effects. The interaction of part
geometry, orientation, and processing parameters has not been well documented and is necessary
to create a standard procedure for testing and production. The primary conclusions of this study

are:
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e Specimen size and geometry significantly affects strength and repeatability of tensile
specimens and a standard FFF specimen configuration must be developed through a
comprehensive evaluation. Rather than standardizing dimensions, it may be more
applicable to specify the number of beads that are required in the cross-section to
achieve geometry independent material properties.

e Continued development and unification of naming and fabrication techniques are
needed to compare testing results from disparate sources.

e Controlling layer times and printing processes can lead to both stronger prints and more
time efficient fabrication, and extrusion control setting information must accompany
test results.

e Printer to printer variability exists, even when fabricating specimens on identical makes
and models, and designation of equipment must be considered in the qualification

process.

3 Tensile Strength Dependence on Environmental Conditioning

3.1 Abstract

Evaluation of environmental durability is essential for the qualification of polymeric materials
used in Fused Filament Fabrication and certification of the manufactured parts. Polymer chain
motion at temperatures approaching the glass transition temperature and water ingress into voids
impact the response of these materials to load. To investigate these effects, uniaxial tension testing
was performed after conditioning specimens under heat or moisture. Results showed that
conditioning temperature substantially influences the failure strain in multiple orientations. Both
heat, beyond 50°C, and moisture create increased variability of the specimen response to load, both
in ultimate tensile strength and elongation to break. This research is published under the following

citation.

3.2 Citation

William H. Ferrell. Corey M. Arndty and Stephanie C. TerMaath. “Tensile Strength Dependence
of FFF Fiber Reinforced ABS on Environmental Conditioning” Mechanics of Advanced
Materials and Structures. 0 (2020): 1-14.
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3.3 Conclusions

The effect of heat and moisture on the ultimate tensile strength of fiber reinforced and unreinforced
ABS was evaluated within the scope of qualification of polymeric FFF materials. It was found that
as the tensile specimens were conditioned at temperatures approaching the Tg, the polymer chain
dynamics dictated a slight reduction in the ultimate tensile strength and a significant change in the
elongation to break. This finding was consistent between both fiber reinforced and unreinforced
polymer systems. In the fiber reinforced specimens, the interfacial bonding was increased due to
the increased thermal conductivity provided by the carbon fibers. This provides a decrease in
variability but also allows the polymer chains to move more freely past one another at temperature,
further reducing the elongation to break. At temperatures of roughly 50% of the Tg, no significant
changes in material response to load were observed, providing a potential boundary for the
operating temperatures. Specimens subjected to moisture demonstrated an increase in variability
and a reduction in tensile strength and elongation to break. However, no trapped water in the voids

was found after subjecting the specimens to ambient conditions prior to analysis.

4 A Semi-Circular Bend Specimen for Fracture of BAAM Polymers

4.1 Abstract

Due to the intricate connections between deposition pattern and mechanical performance, it is
advantageous to have as few test specimen geometries as possible for studying processing-
structure-fracture performance relationships in these BAAM parts. Currently multiple different
geometries are being used with testing performed on the parts as if they were a composite laminate
or as if they were a homogeneous solid. This study seeks to elucidate the nature of the parts through
interlayer and intrabead fracture and evaluate the semi-circular bend specimen for use in fracture

mechanics of FFF polymers.

4.2 Introduction

As additive manufacturing techniques such as fused filament fabrication (FFF) make the transition
from prototyping to end user part manufacturing, there has been a natural progression of literature
developing and promoting the standardization of mechanical testing of these parts. Through the
generation of new materials and the adaptations of tensile testing standards, increased

understanding of the processing-structure-performance relationships have advanced pertaining to
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strength and stiffness. However, due to the highly customizable meso-structures present in FFF

parts there has been increased attention paid to the fracture mechanics of these parts.

Current testing of fracture toughness of FFF plastics has primarily focused on the interlaminar and
intrabead fracture toughness. These refer to the bead-to-bead and layer-to-layer resistance to crack
growth and the through-bead resistance to crack growth respectively. Hart et al performed mode
I, or crack tip opening, fracture toughness tests in a three-point bend configuration utilizing the
single edge notch bend (SENB) specimen.[1] The interlaminar and intrabead fracture toughness
and crack behavior was significantly different in the ABS that Hart et. al. tested due to the reliance
on interlaminar toughness on the diffusion between the deposited beads. Several researchers have
employed the double cantilever beam (DCB) specimen, which is commonly used for composite
laminate parts, for mode | fracture toughness of FFF parts and had good success in obtaining
fracture properties of the interlaminar region.[2-5] However, Arbeiter et. al. found that in a fully
optimized printing condition of FFF poly-lactic acid SENB specimens that there was an increase
in the fracture toughness compared to injection molded parts.[6] This was due to the almost
indistinguishable raster patterns signifying an almost fully homogeneous part. Arbeiter et. al. noted
that this was purely in the SENB specimen and not in the compact tension (CT) specimen which

did not have a perfectly symmetric printing pattern.

There is limited information currently published with regards to fracture testing of FFF parts. The
wide range of tests raises concerns of variability in the reported fracture toughness, where there
isn’t a clear distinction between material property testing and engineered part testing. Due to the
large variation in available printing parameters and also different strategies, including print design
for repeatability[7] or print design for optimized mixing.[6] Furthermore, the comparison of
behavior of the polymer material used in desktop printing and Big Area Additive Manufacturing
(BAAM) printing is not well established and the different printing conditions may necessitate
specific fracture standards for each. Nycz et. al. performed mode | fracture testing of BAAM
printed carbon fiber reinforced acrylonitrile-butadiene-styrene (CF-ABS) using the DCB specimen
to investigate the effects of preheating layers.[5] As it pertains to standardization for fracture
toughness evaluation, the DCB specimen is only able to obtain the mode | interlayer fracture
toughness necessitating multiple other specimens to test for mode Il, or shear, fracture and

intrabead fracture.
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Through the use of a semi-circular-bend specimen (SCB) in a three-point bend test configuration,
a single specimen geometry can be used to determine the multiple modes and multiple regions of
fracture toughness present in FFF parts. The reduction of geometry specific testing provides unity
in the manufacturing of parts and the testing of parts that will provide a consistent basis for varying

the processing conditions and capturing isolated effects.

4.3 Materials and Methods

4.3.1 Materials

ABS base polymer with 20 weight % (wt. %) carbon fiber reinforcement was printed through the
Big Area Additive Manufacturing (BAAM) system at Oak Ridge National Lab. The BAAM
utilizes polymer pellets and a single screw extruder to melt and homogenize the polymer before
the deposition. The polymer is deposited onto a heated ABS based plastic sheet that is adhered to
the metal heating platform to ensure part stability during the printing process. Rectangular plaques
with varying sizes and printing parameters were manufactured to provide a robust test platform to
elucidate the material behavior and the fracture toughness. Smaller plagques that were 0.66 m x
0.254 m x 0.04524 m, length by height by width, were printed at 220C, 230C, and 240C with a 90
second layer time. Then larger plaques that were 1.5 m x 0.254 m x 0.0381 m, length by height by
width, were printed all with the same extrusion temperature but with a 2-minute, 4-minute, and 6-

minute layer time.

4.3.2 Specimen Geometry

The SCB specimen chosen was based on the asphalt mixture cracking resistance testing standard,
ASTM D8044, Figure 15.[8-11] Due to the simple nature of manufacturing multiple geometries
were tested depending on the thickness of the printed plaques.
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Figure 15 SCB specimen geometry where B is width, R is radius, S is span, and a is the crack
length [12]
In order to keep the specimens within the plane-strain criteria, the single edge notch bend (SENB)
for mode | fracture toughness standard was referenced. Based on this standard, a width to thickness
ratio of 1:1 up to 4:1 was considered plane strain. Based on this, a maximum thickness to width
ratio of 2:1 was prepared to ensure plane-strain but minimize plastic deformation at the rollers due

to compression.

For plagues printed with a 2-bead configuration, width roughly equaling 15.875 mm post printing,
a specimen thickness of 33.02mm was used. This 2-bead width configuration was printed for both
the 20 wt. % CF-ABS. For the 4-bead width configuration, roughly equaling 38.1 mm width, a

specimen thickness of 76.2 mm was used to maintain this 2:1 ratio.

4.3.3 Mechanical Testing

Testing was performed on an MTS Cirterion 45 electomechanical load frame with a 10kN load
cell and a 100kN load cell based on the specimen size. For the 33.02 mm radius specimens the
10kN load cell was used with a maximum load of 5kN achieved, and for the 76.2 mm radius
specimens the 100kN load cell was used with a 20kN maximum load achieved. The 100kN load
cell was also utilized for the SENB specimens. Testing was performed in the three-point bend

configuration. Loading was applied at 0.5 mm/min.
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Two orientations, Figure 16, were used to determine the interlayer and intrabead fracture
toughness in mode I. For mode | fracture, the notch and starter crack were oriented perpendicular
to the bottom of the specimen where the crack grew vertically towards the top roller. The starter
crack was made with a razor blade within the notch made with a bandsaw. For interlayer Gy the
layers were oriented vertically and for the intrabead Glc the layers were oriented perpendicular,
Figure 16. The span was set to be 80% of the specimen diameter for mode | fracture to achieve

the highest tensile stress at the crack tip, Figure 15.

Figure 16 Intrabead fracture SCB specimen orientation

This specimen also is capable of a mixed mode I/11 testing configuration by tilting the notch at
specified angles to achieve the particular loading case necessary. Multiple bead orientations were

used to explore the interlayer and intralayer mixed mode fracture

4.3.4 Fracture Theory

Through the use of the SCB specimen the fracture toughness of the BAAM CF-ABS material was
explored. For the evaluation of fracture properties in FFF materials, the variability in layer
adhesion and location, as well as the development of plastic zones in the FFF parts create difficulty
in consistent evaluation. In the BAAM CF-ABS material the fracture toughness was evaluated

using both linear elastic fracture mechanics and elastic-plastic fracture mechanics.
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Linear elastic fracture
For linear elastic materials, the critical mode | stress intensity factor Kic can be calculated using

equation 1,

K =y (229 Eql.

where P is the load, a, R, and B, are the crack length, radius, and the width, respectively. Y’ is the
normalized stress intensity factor for the SCB specimen and for the span to radius ratio of 0.8,

which is used for mode I, can be written as:

Y' =5.6—22.20 + 166.98% — 576.23 + 928.88* — 505.955 Eq 2.

where beta is the a/R ratio. Using the P maximum from the load displacement plots, the critical
stress intensity factor Kic can be determined. From the K|c the critical strain energy release rate,
Gic (units of J/m?) can be calculated, under the assumption of linear-elastic behavior and straight
crack propagation. In the case of linear-elastic failure, the Gic can be related to the critical elastic-
plastic strain energy release rate, Jic (units of J/m?) through

Jie = Gre = K2 (2X) Eq 3.

where E is the elastic modulus and v is the Poisson’s ratio of the material. This relationship allows
the comparison of the calculated critical stress intensity factors between ductile and brittle

materials.

Elastic-plastic fracture

Materials that exhibit ductility in the crack tip region cannot be analyzed using the linear elastic
fracture framework. Two methods of calculating the Jic were evaluated with regards to the use of
the SCB specimen on BAAM plastic specimens. The initial method was through the J calculations
presented with testing of asphalt SCB specimens. This involved the comparison of the max load

of SCB specimens with different initial notch depths. The linear regression of the plot of strain
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energy, or the area under the load displacement curve, versus initial notch depth is divided by the

width of the specimens to provide Jc from:

— _(Y)\(w
Je = (b) (da) Eq 4.
where U is the strain energy to failure, b is the sample width, and a is the notch depth.

The second method of calculating Jic was through the comparison and adaptation of the ASTM
D6068 standard for determining J-R curves of plastic materials to the SCB test and the FFF
material. Through the use of high speed and high-resolution cameras commonly used in digital
image correlation (DIC), the crack advancement path and length were monitored in order to use
the J-R curve method in the ASTM D6068 standard. In the test methodology from the ASTM
D6068 standard, a specimen with an initial crack length ao is loaded to introduce a crack
propagation of length delta a with the resulting load displacement curve used to calculate the strain
energy U. The associated J values are calculated according to

J=—2

= Sv—an) Eq 5.

Where 7 is a geometric constant, b is sample width, W is sample height which is equal to R in the
case of this adaptation. The geometric constant n used in this test was the same for the single edge
notch bend specimen, value of 2, due to no current constant in the standard for the SCB specimen.
This shape factor has been calculated for different specimens through the use of finite element
analysis but was not explored in this study. The calculated values of J are plotted against the crack

advancement Aa and fitting a power law in the form of
J7(Aa) = C;Aa’? Eq 6.

where C1 and C; are the fitting parameters. On the same set of axes, an offset blunting line is
plotted to account for the development of the plastic zone in front of the crack tip. This offset

blunting line is created from

JPHnt(Aa) = 20, (Aa — €) Eq7.
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where oy is the yield stress of the material and ¢ is the offset value. The offset value of 0.2 mm
was applied based on the work done by Lu et. al. [13] The intersection of the blunting line with

the J-R curve is the critical elastic-plastic strain energy release rate, Jic.

4.4 Results

4.4.1 Mode | Intrabead Fracture

The initial orientation was selected to test for intrabead fracture, Figure 16. Due to cutting location,
the notch ended at various points within the printed beads. The effects of the notch tip location in
the bead was slightly tied to the overall behavior of the specimens under load in this configuration.
In particular, sample 7, 10, 11, 14 and 15 demonstrate the notch ending at either the topmost or
bottom-most section of the bead. In the associated area adjusted stress versus displacement curve,
these specimens demonstrated a higher modulus and higher failure load than in the specimens with
the notch ending in the middle of a bead. Despite sample 6-10 having a higher printing temperature
than specimens 11-15, the overarching behavior of the specimens remained fairly similar.

.ﬁ
A

VSampIe7_*,

Sample 8'&

- = A

Figure 17 Fracture surface of the SCB 33.02mm radius specimens printed at 230°C.
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‘Sample 14 Sample 15

Figure 18. Fracture surface of the SCB 33.02mm radius specimens printed at 220°C. Due to
cutting location, the notch ended at various points within the printed beads
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4.4.2 SCB Specimens from 1.5m Plaque

In the larger plaque specimens for intrabead failure, the preliminary testing shows little plasticity
and very consistent failure, Figure 20. In these tests, the specimen width is 38.1 mm, and the
thickness is 76.2 mm. There was a significant decrease in the plasticity of the part and a reduction
in the visual deformation near the rollers under loading. The load displacement behavior and
sudden failure demonstrate brittle behavior with a small region of stable crack growth. The small
deviation from linearity generally marked the region where the crack begins to form. To observe
the deviation from linearity, a straight line was plotted over the data following the slope of the load

versus displacement curves, Figure 21.

From equations 1 and 2, the normalized SIF and then subsequently Kic and Gic were calculated.
Table 4 and Table 5 outline the slight variation in the initial crack length and then the critical
crack length and both of these values were used in the calculation of the Gi.. This comparison
provided a slight increase in the calculated G\c which is to be expected with a slightly longer crack

length at failure.

Table 4. Specimen geometry values and fracture toughness calculated, with standard deviation
(STD), calculated using the initial crack length a

AT
a(m) 0030 4.07E-04 0.030  1.66E-03  0.030 1.03E-03
R (m) 0076 1.28E-04 0.076  2.15€-04  0.076 8.93E-05
B (m) 0037 193E-04 0.037  2.40E-04  0.038 1.73E-04
Y1 5099 4.40E-02 5130  1.78E-01  5.143 1.08E-01
B 0394 6.00E-03 0395  2.27E-02  0.399 1.39E-02
P (N) 20366 729 18323 1106 18465 289
(MpaKfml/z) 5.58 0.176 5.09 0.117 5.09 0.137
G (J/m?) 2292 145 1905 89 1903 102
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Table 5. Specimen geometry values and fracture toughness calculated, with standard deviation
(STD), calculated using the critical crack length ac.

6 min layer STD 4 min STD 2 min STD

a(m) 0.038 1.38E-03  0.040 2.66E-03 0.040 1.18E-03

R (m) 0.076 1.28E-04  0.076 2.15E-04  0.076 8.93E-05

B (m) 0.037 1.93E-04  0.037 2.40E-04  0.038 1.73E-04

Y1 5.099 4.40E-02 5.130 1.78E-01 5.143 1.08E-01

B 0.394 6.00E-03  0.395 2.27E-02 0.399 1.39E-02
P (N) 20366 729 18323 1106 18465 289

(Mpalilrcnl/z) 6.27 0.169 5.90 0.138 5.82 0.143

Gic (J/m?) 2895 156 2556 120 2492 122

From the initial analysis of the slight deviation from linearity, a comparison and testing of the J-
integral method as compared to the Gic calculation and evaluation was performed. In order to
calculate the J-integral method, several different methods were used in order to explore the
applicability to this materials system. The initial analysis of the J-integral to determine Jic was to
compare the load carrying capacity of the system at two different initial notch lengths. The
comparison of the 0.3*R and 0.4R, shown in Figure 22, greatly overestimated the Jic providing a
value of 38.7 kJ/m2 which was over ten times the values from the Gic. In perfectly linear elastic
isotropic brittle materials, the Jic reduces to the Gic. Based on the load displacement, it is highly
unlikely that the toughness is this different with the apparent semi-brittle nature. The specified use
of maximum load, for the integration point for total strain energy, as compared to the load where

the crack begins to propagate is a major source of error when comparing this with other methods.
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Figure 22. Comparison of the load carrying capacities of the 0.3*R and 0.4*R notch lengths.

Figure 23. DIC images of crack growth during specimen loading. From top left to bottom right,
the crack growth can be seen in the red boxes.

Based on this, the creation of J-R curves, or the J versus resistance, as the crack propagates was
created in order to better evaluate the Jic. Based on the shape and size of the SCB specimen, using
sets of specimens and loading to certain displacements for crack growth created several challenges.
To alleviate this, digital image correlation was used to track crack growth so a J-R curve could be
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created for a single specimen as it underwent load to failure, Figure 23. An example of the created
J-R curve, provided in Figure 24, demonstrates the sensitivity of the method on the measurement
of crack advancement throughout the test. Because of the DIC limitations, having only surface
imaging of the crack, there is inherent error in these curve fits and subsequently the calculation of
Jic. The benefit of this method though is the ability to measure the Jic for each specimen rather
than relying on multiple different specimens being loaded to different points in order to obtain the
Jic. In the evolution of the fracture testing for FFF, the ability to measure specimen to specimen
variability becomes increasingly important for qualification purposes. Single test geometries and
tests allow for better understanding of printing parameter effects on the tested fracture toughness

values.
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Figure 24. J-R curve for intrabead SCB specimen 14, as an example.
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Figure 25. Fracture toughness dependence on initial notch location

Due to the heavy reliance of the Jic on the crack advance measurements the individual calculation
of the Jic of each specimen is shown on the fracture surface of several notable specimens. The
fracture surfaces of the SCB specimens also show some reliance of the crack on the bead locations

and the shape of the initial notch, Figure 25.
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For the interlayer specimen tested, the load displacement curve is seen in Figure 26. Based on the
calculated fracture toughness through the bead, the maximum load should be predicted if the nature
of the specimen is homogeneous with systematic voids. However, if the interlayer properties are
significantly different than in the intrabead properties then the laminate nature of the material can
be confirmed with reasonable certainty. The overall behavior of the material is slightly more linear

in nature but still shows a little bit of yielding before failure.
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Figure 26. Interlayer SCB specimen load displacement plot showing very minimal deviation
from linearity.

4.5 Discussion

4.5.1 Comparison of G and J

In this particular testing method, the overall behavior was surprisingly linear despite being a plastic
material. However, in the comparison of G and J there existed differences that lead to the
conclusion that for precise analysis and predictive modeling, the J integral approach should be
performed. The overall average intrabead Jic of the CF-ABS BAAM specimens was calculated to
be 7564 J/m? which is within reason for the fiber reinforced ABS material where the pure ABS
material demonstrated a Jic of 3500-5500 J/m?. This is compared to the average Gic of 2648 J/m?
which is similar to the calculated toughness of hot press molded SENB tests of 15 wt% CF
reinforced ABS, which was 3090 J/m?. For the intrabead fracture toughness tests, the crack

generally began to propagate at around 12kN to 14kN and the specimen sustained loads on average
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of 18kN-20kN. This is a large amount of non-linear load that could be accounted for in the material
testing. With that in mind though, the current test set up explored in this work could not fully
guarantee the load at which the crack began to propagate due to only characterizing surface crack
growth. The full adherence of specimen testing to ASTM D6086 would be needed in order to more

adequately qualify a material based on mode | fracture toughness through a deposited bead.

However, this test showed a self-contained and highly repeatable set up to determine the Gic with
relative ease and accuracy that could be used for multiple orientations and expanded to mixed
mode and pure mode Il fracture. The cracks generally grew between 5-8mm, or roughly 10.9% to
17% of the ligament length, before sudden failure. This fairly brittle behavior demonstrates that it

is not entirely unreasonable to categorize the fracture toughness by Gic.

4.5.2 Layer Time effect on fracture

The relative ease of measuring the Gic and the repeatable nature allowed for the comparison of
three different layer times, 2 min, 4 min, and 6 min, with relatively low error. From these tests,
Table 4 and Table 5, the Gic shows slightly higher values for the 6 min layer time, roughly 16%
higher. This behavior could be because of the slightly more pronounced raster voids in the material.
These voids, while not appearing to cause significant impact on the intrabead failure, could be
concentrating and arresting the stresses in front of the crack tip. As the pressures in front of the
crack tip go from a large area to a smaller area, following the ellipse of the bead, and then back to
a larger area, more load capacity could be held after the initial crack initiation. This is seen in

specimens where the notch started at the beginning or end of a bead.

4.5.3 Interlayer Fracture Toughness

The interlayer Gic value using the layer to layer Z-axis modulus of 2.13 GPa, from the work by
Duty et. al., [14] was calculated to be 1515 J/m?with a Poisson’s ratio of 0.35. However, for small
scale evaluations of the CF-ABS material demonstrate a Poisson’s ratio as low as 0.2 depending
on orientation. Altering the calculation with this Poisson’s ratio in mind produces a Gic value of
1657 J/m?, which while lower than the intrabead, is still very close to the calculated G of the
intrabead properties. Both of these values are well within the range of the interlaminar fracture
toughnesses explored by Nycz et. al. using a dual cantilever beam test to explore layer preheating.
The values provided by Nycz et. al. show toughness values of 1560J/m? for layers roughly the

temperature expected for plaques of this size.[5]
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4.5.4 Characterization of BAAM Parts

The important conclusion from comparing the work by Nycz and the above testing, is that when
adjusting for the known modulus differences along the deposited bead and across layers, the
fracture toughness values are relatively close. With the adjustment of processing conditions, the
difference shrinks with the maximum interlaminar fracture toughness achieved as 5410 J/m?2.°
Based on the fracture surfaces, Figure 27, and the results that show a shrinking of the difference
in intrabead and interlayer Gy, the material could be categorized as a transversely isotropic
material with distinct moduli and distinct material properties within the bead and at the interface.
From Figure 27, the fracture surfaces demonstrate consistent crazing symptomatic of plastic
deformation only in the middle of the beads, with a lack of this present at the interfaces of beads
and layers. From this, there is a material difference within the beads and at the layers, however
this could be a function of the processing conditions chosen for this particular set of tests. Further
evaluation of more optimal printing conditions should be performed in order to fully categorize

the homogeneity of the parts.

" Evidence of crazing :
# within the beads

Figure 27. Crazing within the beads but not at the interface demonstrates different material
behavior and properties in the various locations
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4.6 Conclusions

The SCB test specimen has been shown to reasonably capture the Gic and Jic of both the interlayer
and the intrabead properties of BAAM manufactured specimens. This test provides the ability to
obtain interlayer properties and intrabead properties with the same specimen geometries, reducing
the variability of shape effects and manufacturing approaches. The ease of manufacturing also
allows for more specimens to be tested without the strict crack insertion requirements of current
interlaminar fracture toughness tests. Expanding this test to measure the mixed mode I/11 and pure
mode Il requires only adjusting the crack angle and the span distance to systematically test the
effect of processing conditions and deposition strategies on the fracture properties of the material.
However, due to the size and shape of the specimens, the production of a J-R curve becomes
slightly more difficult in order to achieve cryofracture to fully determine the location of the crack
advancement per force applied. Ultimately the SCB specimen has the potential to provide a unified
specimen to investigate the effects of multiple processing conditions and strategies to further

explore the processing/fracture relationships within BAAM manufactured plastics.
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5 Summary and future work

This report presents a study of the mechanics of FFF polymer structures with the goal of exploring

processing-structure-performance relationships with respect to tensile mechanical properties and

fracture behavior. The ultimate goal of qualification of FFF materials is advanced through further

evaluation of the current state of the art, the processing-structure-performance relationships in

uniaxial tension testing, the effects of environmental conditioning on performance, and the use of
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a fracture test that allows more accurate comparison of processing conditions on the fracture

toughness.

For FFF to achieve widespread acceptance in the manufacturing landscape for the production of
end-user parts, testing standards specific to polymer AM must be developed, either through the
adaptation of current testing standards or the creation of unique standards. Due to the inherent
variability in FFF prints and the large number of possible print settings, future work needs to
standardize repeatable print nomenclature, testing procedures, and specimens. This standardization
should be accompanied by an integrated computational materials engineering (ICME) approach to
materials qualification where multiscale physics-based modeling is used to predict the polymer
chain dynamics at the interface and then adequately capture that materials response to load and
quantify uncertainty from atoms to structure. Experimental and computational analysis will
support the optimization of printing conditions for customized part specific requirements. The
future of FFF includes embedded sensors, mid-print changes and optimizations, and expanded

material systems, however the first major hurdle for FFF is the standardization of testing protocols.
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