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Abstract

This work focuses on the evolution of interlayer fracture toughness properties of fiber-
reinforced, semi-crystalline polymers in the extrusion deposition additive manufacturing
(EDAM) process. Further, this work bridges the gap between the additive process conditions
(time-temperature history) and the effective layer-to-layer fracture properties developed
within a printed component. This is the first step to predict delamination that can occur during
printing, during cooling to room temperature after printing, and during service performance
of an additively manufactured geometry. A phenomenological model is developed for fusion
bonding of semi-crystalline polymer matrix composites by coupling the interdiffusion of
polymer chains with the evolution of polymer crystallinity. While the interdiffusion is
captured by reptation theory of polymer dynamics, the evolution of crystallinity is modeled
by phenomenological crystallization kinetics and crystal melting dynamics. Further, a
methodology is developed to determine the critical strain energy release rate, G, of the
interlayer interface and experiments are conducted utilizing the double cantilever beam
fracture test geometry. Predictions of Gic as a function of thermal history are compared with

experiments.
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1 Introduction

The properties of EDAM manufactured materials of fiber volume fraction greater 20 percent
exhibit highly anisotropic mechanical properties due to fiber orientation in flow. The flow of
the extrudate from the extruding system into converging zones and cylindrical pathways of
the nozzle serve to orient the fibers largely in the print direction and thereby parallel to the
interface surface [1]. Interfacial bonding of the layers can limit strengths in the stacking
direction by an order of magnitude less than in the print direction. Furthermore, the sequential
deposition of layers of molten extrudate onto previously deposited material, at a cooler
temperature, can give rise to a thermal gradients and corresponding residual stresses [2, 3].
Stresses also develop upon cooling due to the anisotropic thermal expansion of the printed
bead. The combination of the strength of the interface and the residual stresses can initiate
interlayer debonding, either during the AM process, or during cooling of the geometry after
the AM process [4]. Accordingly, this work focuses on modeling and characterizing the
fusion bonding process that controls the evolution of interlayer fracture properties in the
EDAM process. The model is demonstrated on polyphenylene sulfide (PPS) reinforced with

50% weight of carbon fiber (Celanese® - Celstran® PPS-CF50-01).

2  Fusion Bonding of Semi-Crystalline Polymers
The fusion bonding of fiber-reinforced, thermoplastic polymers in EDAM can be described
as a sequence of three steps including: 1) wetting of the substrate, 2) interdiffusion of polymer

chains, 3) and solidification with crystallization, for semi-crystalline polymers [5, 6, 7].
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Figure 1 shows the interaction of two extruded beads during deposition. The first bead (red)
is in the molten state as it is extruded upon the previously deposited bead (blue). Next, the
compactor squeezes the initially circular cross-section bead (red) into a rectangular cross-
section with rounded edges and specified thickness. The compaction action produces the
condition of instantaneous wetting of the substrate by the deposited bead. The wetting of the
substrate also reduces the thermal resistance between the lower surface of the deposited bead
and the surface of the substrate. The second step involves the interdiffusion of polymer chains
across the wetted contact area. This phenomenon is thermally driven and requires mobility
of polymer chains at the interface. Chain mobility is strongly dependent on temperature and
can be restricted by crystallization of polymer chains involved in the crystal phase formation.
Thus, there is a competition between onset of crystal formation and polymer chain mobility.
The third step is the growth of semi-crystalline structures across the interface to enhance the

interlayer properties [8, 9, 10].

To develop crystallinity across an interface, the substrate must be either initially in the
amorphous state or local melting of the semi-crystalline polymer substrate must occur. When
either of the conditions is met, interdiffusion of polymer chains is allowed. During
crystallization, polymer crystals incorporate the polymer chains from both bonding volumes,
as shown schematically in Figure 1. Thus, the proposed model assumes that the semi-
crystalline structure developed across the interface depends on the degree of molecular
interdiffusion achieved prior to the onset of crystallization. Further, the kinetics of the
interdiffusion process is assumed to control the rate of development of interlayer fracture

properties.
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A pathological mechanism occurs when the bead is deposited onto a significantly cooler
substrate without melting of the substrate. In this case, a large degree of supercooling
develops at the lower surface of the deposited bead. Under this scenario, nucleation and
growth of crystallinity from the interface into the volume of the bead is thereby promoted,

while crystal growth across the interface is prevented.

The description of these two mechanisms at the interface is supported by the experimental
observations from the non-isothermal bonding experiments performed with different
polymers by Bourban el al. [6], Smith et al. [9], Plummer et al. [10], and Zanetto et al. [11].
Further, the study of Grouve et al. [12] has shown the effects of crystallinity on fracture

toughness for high cooling rates developed in thermoplastic prepreg fiber tape placement.

3 Bonding Model

In the following, a phenomenological model is developed for fusion bonding of semi-
crystalline polymer matrix composites that combines the interdiffusion of polymer chains
with the evolution of crystallinity. While the interdiffusion of polymer chains is captured
with a model derived from the reptation theory of polymer dynamics, the evolution of
crystallinity is modeled by phenomenological crystallization and crystal melting Kinetics.
The degree of bonding is defined as the ratio of the interlayer, mode-I, strain energy release
rates, G;c(t) to G, ; where, G (t) reflects strain energy release rate corresponding to the
actual thermal history of the interface and G, is that of the host, fiber-reinforced
thermoplastic polymer  (with the appropriate fiber orientation state). Thus, D (t)
=Gc(t)/Gic,,. Values for G- (t) and G, are determined through mode-I fracture tests of

additively manufactured Double Cantilever Beam (DCB) geometries as described later.
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3.1 Interdiffusion of Polymer Chains

The reptation theory of polymer dynamics developed by De Gennes [13, 14] serves as the
basis for determining the time evolution of the polymer interdiffusion process. Utilizing
arguments of the reptation theory, the welding time, t,, can be defined as the time required
for the polymer chain to escape from a confining tube formed by topological constraints
surrounding the polymer chain. Such constraints are introduced by entanglements with
neighboring polymer chains and by rigid constraints like reinforcing fibers or particles.
Interdiffusion is assumed to be complete once a significant portion of the polymer chain
abandons its confining tube [8, 15]. Thus, the kinetics of the bonding process is polymer type
and time-temperature process dependent since the welding time follows a power-law

dependence on the molecular weight and an exponential dependence on the temperature [16].

Utilizing the reptation theory, multiple models have been derived to describe the evolution
of interdiffusion with time and under non-isothermal conditions [15, 17]. These models
provide valuable relationships derived from polymer dynamics and can be utilized to make

quantitative predictions of the interlayer fracture toughness properties.

3.2 Polymer Crystallization and Melting

Polymer crystallization is a reversible physical transformation occurring as semi-crystalline
polymers are cooled from the processing temperature to room temperature. It consists of two
sequential steps: crystal nucleation and crystal growth. Ordering of polymer chains in a
crystalline structure produces shrinkage and releases thermal energy (exothermic heat).
Homogenous and heterogeneous nucleation occur in fiber-reinforced, semi-crystalline

polymers. While for the homogenous case, nuclei develop and grow primarily in the form of



113 spherulitic structures in the bulk polymer, in the heterogonous case, nuclei develop on the
114  surface of heterogeneities, like fiber surfaces, and grow into columnar structures [18]. A
115  phenomenological model of polymer crystallization developed by Velisaris and Seferis [19]
116  has been adopted to capture the Kinetics in highly non-isothermal conditions developed in
117 EDAM. The kinetics of each mechanism is given as a function, F;,i = 1,2, and the
118  contribution of each mechanism to the degree of crystallinity, X(T,t), is weighted by the
119  factors,w;,i = 1,2, with w; +w, = 1. The product of the weighted sum of the two
120  crystallization mechanisms and the maximum degree of crystallinity, X, yields the degree

121 of crystallinity as given by Equation 1.
X(T,t) = Xeo (Wi F; + Wy Fy) (D

122 The functions F;, i = 1,2, describing the kinetics of each crystallization mechanism are

123 given by Equation 2.

F;=1—exp —Clif T

txtal

—C,, Cs, (2)
2 — % n;T™ ldr

- exp (T-T,+T,) (T(Tmi - T)Z)

tetal E{E<t|T < Ty}

124 Where the term C;, relates the dependence crystallization rate on temperature, while C;,
125  relates to the dependence of the crystal growth on temperature, and Cs, relates to the enthalpy

126  of nucleation. The integration domain, t,,;, allows for the calculation of crystallinity over
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multiple intervals of time when melting occurs. The temperatures T, T, and T, correspond
to the temperature of the process, the glass transition temperature, and the melting
temperature of the polymer, respectively. The parameters, n;, correspond to the Avrami
coefficients of each of the crystallization mechanisms. The parameters C;;, C,,, and C5, (i =
1,2), and the temperatures T, ;, (i = 1,2), are determined by fitting the model to crystallization
kinetics data obtained from non-isothermal crystallization experiments carried out at cooling
rates relevant for the EDAM process. The crystallization kinetics of the CF-PPS used in this
work was characterized through differential scanning calorimetry (DSC). Since isothermal
crystallization is known to occur between 519 K and 531K for the PPS in the current study
[20], isothermal crystallization experiments at temperatures in the range of 519 K to 531 K
were used to determine the two Avrami coefficients; whereas, non-isothermal crystallization
experiments carried out at cooling rates between 30 K /min and 10400 K /min were used to
fit the model. Data for cooling rates of up to 190 K /min was extracted directly from DSC
experiments while data for the highest cooling rates was obtained by quenching samples and
then characterizing the cold crystallization event to determine the amount of crystallinity
developed during quenching. The experimental procedures and characterized model
parameters can be found elsewhere [20]. A maximum degree of crystallinity of 84% was
achieved in the CF-PPS considering a heat of crystallization of 76 /g for a completely

crystallized material [21].

The melting behavior of polymer crystals depends primarily on the size distribution of the

lamella structures developed as the polymer is cooled from the melt [18]. Melting is described
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with a phenomenological model that considers a fixed distribution of lamellar thicknesses

with a sharpness factor, k,,;, and a distribution factor, d, as given by Equation 3 [22].

dX,c
dT

= kmb{exp[_kmb (T - TC)]}
(3)

C(1+ (d = 1) expl—kpy (T — T, )77

The temperature T, corresponds to that of the maximum heat flow amplitude as characterized
in melting experiments utilizing DSC. The melting behavior characterized with DSC at

different heating rates is used to fit k,,,;, and d in the melting model [2].

The evolution of the degree of crystallinity was determined by the models for crystallization
kinetics and melting coupled through a temperature condition as given by Equation 4. While
the melting model dominates the evolution of crystallinity for temperatures above the onset
temperature of melting Ty, the crystallization kinetics model dominates for temperatures

below T,,.

¥ = {T > Ty, X(T) — Melting — Equation 3

T<Ty, X(T,t) — Crystallization — Equation 1 W

Xe [01]

T, corresponds to the lowest value of the temperature range over which melting occurs
according to the melting model given by Equation 3. This temperature corresponds to
523.15 K for the CF-PPS used in this work. Finally, the integrals in the crystallization
kinetics model (Equation 2) must be updated to reflect the change in degree of crystallinity

when melting occurs.
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3.3 Degree of Bonding

The degree of bonding, D, (t) is defined in a range from zero to unity. Zero corresponds to
non-bonding and unity to full bonding, where the fracture properties of the host composite
are developed (i.e., G;c(t) = Gjc,,). The model developed by Yang and Pitchumani [15]
was extended to describe the non-isothermal evolution of interdiffusion as a function of time,
temperature, and crystallinity. The time during which interdiffusion occurs is limited by the
development of crystallinity as given by Equation 5. To capture the effect of crystallization
on interdiffusion, the integral is evaluated only in the time domain ¢t;(X) wherein the degree
of crystallinity X is less than a critical degree of crystallinity X¢™¢ . X" is defined as the

degree of crystallinity corresponding to termination of polymer chain interdiffusion.

Dy(t, T) = Gre®) U o l X)) E{ESt| X < Xt} (5)
tj(X

W(T)

This definition allows the integration to be performed over multiple time segments when
remelting occurs as multiple layers are deposited. The total time where the degree of

crystallinity is less than the critical value is termed the time to crystallize, t, = 6100 dr. A

relative low degree of crystallinity can be assumed to deter the interdiffusion of polymer
chains (i.e., X = 5%). This assumption was made to account for the rapid decrease in
diffusivity (or increase in viscosity) that results from the development of crystallinity, which
has been investigated experimentally by other groups [23]. The dependence of ¢, (T) on

temperature is captured through an Arrhenius expression as given by Equation 6.
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t,(T) =A-exp (%) (6)

Where A is a pre-exponential factor, E, is an activation energy, and R is the universal gas
constant. Multiple techniques can be used to characterize t,,(T) as a function of temperature
including bonding experiments, small angle oscillatory shear rheology, stress relaxation
experiments and healing experiments [24, 25, 26, 27]. t,, (T) was characterized through non-
isothermal bonding experiments due to the presence of fibers and the highly non-isothermal

conditions developed in the EDAM process.

4  Degree of Bonding Predictions and Experiments

The first step to predict the degree of bonding is to characterize the welding time t,,(T) as a
function of temperature. Non-isothermal bonding experiments consisting of DCB mode-I
fracture tests and time-temperature history predictions for the printed DCB specimens were
used to characterize the welding time of CF-PPS. The fracture tests provided values for the
degree of bonding whereas the time-temperature history provided the process history that
produced the corresponding degree of bonding. In the following, the methods for

characterizing the degree of bonding and the time-time history predictions are presented.

4.1  Experimental Characterization of Degree of Bonding

The non-isothermal bonding experiments consisted of printing DCB specimens under
different process conditions that led to different temperature and crystallinity time histories.
Thus, DCBs with different degrees of bonding at the plane of crack propagation were
developed. The process conditions varied in the bonding experiments were the temperature

of the build plate and the duration of a dwell time between the third and fourth layers that

10
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forms the plane for crack propagation in a DCB. Table 1 lists seven combinations of printing
conditions used and an eighth condition corresponding to a heat-treated panel to determine
the fracture toughness of the host composite material. The reasoning for choosing the
temperatures for Table 1 can be summarized as follows: The two lower temperatures were
chosen to be above the glass transition temperature of the polymer (~363 K), where bonding
is limited by the rapid development of crystallinity. Parts printed on build plate temperatures
below the glass transition temperature result in weak bonding between the first couple of
layers, thereby causing the parts to delaminate in that region during the printing process.
Furthermore, 413 K was the maximum build plate temperature used in other types of
substrates such as thin sheets (1.5 — 3 mm in thickness) made from polycarbonate
(T,~413 K). The temperature of 488 K was chosen because it is a typical build plate
temperature used for printing with CF-PPS. Finally, the maximum temperature of 523 K was

chosen based on the maximum capacity of the system used for printing.

The Composites Additive Manufacturing Research Instrument (CAMRI) [20, 28], was
utilized to print DCB specimens with CF-PPS. CAMRI is fed with pelletized material and is
equipped with a tamper that provided compaction of the beads extruded through a nozzle

with an orifice diameter of 3.175 mm.

DCB specimens were fabricated with approximate dimensions of 25.0 mm in width, 7.8 mm
in thickness, and 150 mm in length, in accordance with the ASTM D5528 test standard [29].
The thickness of the specimens was chosen to accommodate the relatively low bending
strength of the printed material. The elastic modulus of the CF-PPS in the print direction had

been characterized as 24.7 GPa [20]. It was verified through requirements in the ASTM

11
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D5528 standard that the thickness used in the DCB specimen provided adequate bending
stiffness. Figure 2 summarizes the procedure followed for preparing DCB specimens. In the
first step, rectangular panels with dimensions of 100 mm by 180 mm and with six beads in
the thickness direction were printed with beads oriented parallel to the beam. Process
conditions for printing the panels in CAMRI are listed in Table 2. The void content inside
the printed beads (intra-bead voids) was determined to be in the range of 3 to 4%, while the

inter-bead voids were eliminated by the compactor.

An initial crack was introduced on one side of the specimens by placing a piece of polyimide
film (25 pm UPILEX® - Ube Industries Ltd.) during the printing process of the panels.
CAMRI was programmed to move to a predefined safe position within the dwell time,
thereby allowing for the precise placement of the polyimide film. The printing process was
automatically resumed once the dwell time was completed, and three additional layers were
printed onto the previously printed substrate. Once the printing process was completed, the
panels remained for five minutes on the heated build plate and then were removed from the
build plate and allowed to cool to the room temperature. To create DCB specimens with the
fracture toughness of the host fiber-reinforced polymer composite, (G,¢_), printed DCB
specimens (DCB-523-10-HT) were heat treated for approximately 15 minutes at the process
temperature of the CF-PPS (573.15 K) to allow further interdiffusion of polymer chains. The
duration of the heat treatment was chosen to develop a uniform temperature across the sample
while exceeding the welding time reported in the literature for a similar polymer [30]. No
dimensional changes or geometrical distortions were observed after the heat-treatment of the

samples.

12
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In a second step, piano hinges were adhesively bonded to the panel with a urethane adhesive
(Lord-7542) following procedures recommended by the manufacturer for surface preparation
and bonding. The plates with bonded piano hinges were then precisely cut into three DCB
specimens utilizing a CNC controlled waterjet cutting system. The edges of the printed panel
were discarded to avoid variations in the degree of bonding due to different cooling
conditions around the edges of the panels. Specimens were dried in a polymer pellet dryer

for 24 hours at 335.15 K (below the T, of the polymer). Specimen dimensions and initial

crack lengths, a,, were recorded after drying.

The DCB fracture tests were conducted in a universal testing machine (MTS®-810) equipped
with a 5 KN load cell and under fixed grip conditions to attain stable crack propagation. A
loading rate of 2 mm/min was used for opening the DCB whereas an unloading rate of
10 mm/min was used for closing the DCB [29]. A traveling optical microscope (Leica®
S6D) equipped with a digital camera (PixeLINK® Model PL-B776) was used to record the
extension of the crack tip and thereby, crack length during the fracture test. Three loading
cycles were performed per specimen wherein the crack was extended by approximately 25
mm. Four crack extensions per loading cycle including the visual onset of the crack extension
were extracted from images recorded during the fracture test. Figure 3-A shows an example

of the load-displacement curve for one of the DCB-488-5 specimens and indicates points of

crack initiation and crack propagation with blue and black asterisks, respectively.

Three methods were utilized to determine G,., namely the Compliance Calibration (CC)
method, the Modified Beam Theory (MBT) method, and the Modified Compliance

Calibration (MCC) method [29, 31]. Further, G, was determined at the points of crack
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initiation and propagation. Figure 3-B shows the delamination resistance curve created for
one of the DCB-488-5 specimens and with G, determined through the three methods. The
fluctuations in G, observed along the crack length can be attributed to a circuitous crack
propagation path developed around the plane of crack propagation in the DCB. The degree
of bonding was determined from the values for G, obtained with the CC method since this
yielded the most conservative (lowest) values and the smallest standard deviation of the three

methods.

A mean value for G,. was determined for each of the bonding conditions using all the
corresponding measurements. Since the mean G,. for the heat-treated specimens was
practically the same as that for the DCB-523-10 specimens, the mean G, of the latter was
considered as the value for a completely bonded joint for this material system. Finally, the
mean and the standard deviation of the degree of bonding were computed for all the printing

conditions and results are summarized in Table 3.

4.2 Inspection of Crack Propagation Path

The crack propagation path developed in DCB specimens with significantly different degree
of bonding were compared. Sections of DCBs were cut near the crack tip to examine the
crack propagation path at the edge of the specimen. Standard procedures for mounting and
preparing the specimens for inspection in a scanning electron microscope (SEM) were
followed. The surface of the specimens was sputter coated with a thin film of gold/palladium
to allow for electrostatic discharge. A Scanning Electron Microscope (SEM) (Quanta 650
FEG) equipped with a back-scattered electrons detector was utilized to scan the edge of the

DCB specimens. Figure 4 shows SEM micrographs of the two bonding conditions that

14
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yielded a D;, close to one and the lowest D;,, DCB-488-5 and DCB-393-10, respectively. The
fibers in the samples were dominantly oriented along the print direction. The path of crack
propagation is indicated with a yellow dotted line in both figures. Figure 4-A shows a clean
and straight crack propagation path developed in the specimen printed with the conditions
DCB-393-10. The straight crack propagation path suggests that crystallinity did not develop
across the interface and instead, polymer crystals likely nucleated from the surface of the
printed substrate. The crack tip is not shown in Figure 4-A since this specimen was
completely delaminated after the fracture test. Further, the sample was not clamped to avoid
altering the crack surfaces, both sides were simply held together while mounting the
specimen in epoxy resin. In contrast, Figure 4-B shows a circuitous crack propagation path
developed in the specimen printed with the conditions of DCB-488-5. This path indicates
the presence of a semi-crystalline structure developed across the interface. The bright region

ahead of the crack tip in Figure 4-B is a void entrapped in the printed material.

Figure 5 shows a closer view of the crack propagation path developed in the specimen printed
with the DCB-488-5 conditions. This micrograph reveals multiple spherulitic structures
located on both sides of the crack propagation path. Further, it seems as though the crack
found the least resistance path to propagate across the impingement of adjacent spherulitic

structures in the region near the crack tip.

4.3 Transient Heat Transfer Analysis

To determine the time-temperature histories at the layer-to-layer interface, a transient heat
transfer analysis of the printing process of the panel was carried out for each of the bonding

conditions in Abaqus® Standard [32]. Printed beads were represented with a voxel mesh with

15
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three by four linear solid elements type DC3D8 along the height and width, respectively. The
heat transfer analysis considered orthotropic heat conduction, radiative and convective heat
losses, the heat removed by the compactor, and the exothermic heat due to crystallization. A
detailed description of the transient heat transfer analysis can be found elsewhere [2, 20, 28].
Furthermore, experimental validation of the heat transfer analysis has been carried out by the
author [28], but is not discussed in the present work. Average ambient and process conditions
used in the transient heat transfer analysis are listed in Table 4. Figure 6 shows an example
of the temperature field developed during the printing process of the panel labeled as

DCB-413-10.

Temperature-crystallinity-time histories were extracted for each of the printing conditions at
the interlayer region as predicted in the finite-element model. Figure 7 shows the temperature
time histories extracted after the rapid temperature drop that occurred upon activating the
element and until the time t. where the degree of crystallinity reached the critical value,
Xt = 59, The effect of the build plate temperature was found to be more significant as
compared to the dwell time as shown by the temperature profiles. This result follows from
the dominance of heat conduction through the thickness for the relatively thin panels printed

onto the build plate surface.

4.4 Characterization of Welding Time

Following the experimental characterization of the degree of bonding and the prediction of
the time-temperature histories, the activation energy, and the pre-exponential factor in
Equation 6 were characterized by minimizing a quadratic loss function defined in terms of

the experimental degree of bonding and the bonding model predictions. That is to say that
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the experimental degree of bonding corresponds to the bonding developed within the time to
crystallize. A non-linear least squares optimization tool available in Matlab® was used to
characterize the activation energy and the pre-exponential factor utilizing the six
experimental measurements of the degree of bonding listed in Table 3 and the corresponding
temperature time histories shown in Figure 7. The activation energy and the pre-exponential

factor are listed in Table 5.

Figure 8 shows the welding time as a function of temperature for CF-PPS. This plot indicates
that the time necessary to develop the maximum degree of bonding around the melt
temperature (580 K) is only around five seconds. It should be recognized that the
characterization of this bonding model is non-local since the degree of bonding developed at
an interface between two adjacent layers is resolved from the temperature and crystallinity at

an integration point located at a relatively small distance above the interface.

4.5 Interlayer Bonding Predictions

The fusion bonding model (Equation 5) was implemented in a UMATHT subroutine in
Abaqus® for predicting the degree of bonding in printing simulations carried out with the
Additive3D EDAM process simulation workflow [2, 32]. This subroutine is called at each
material point and every global iteration. The information passed into the subroutine is used
to compute the evolution of the degree of bonding and crystallinity in each increment of the
finite element solution. While the evolution of crystallinity is defined by Equations 1 through
4 as a function of time and temperature, the evolution of the degree of bonding is coupled

with the temperature and crystallinity as given by Equation 5. Further details on the
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implementation of these models in the UMATHT subroutine can be found elsewhere [33,

34].

To verify the predictions of the fusion bonding model, the printing process of the panels used
for preparing DCB specimens was simulated. The event series used previously for the
characterization of the temperature and crystallization time histories were used to perform
the bonding simulations. Figure 9 shows the field of degree of bonding developed at a plane
coincident with the integration points where bonding calculations are carried out for two of
the bonding experiments. In both cases, the degree of bonding is relatively uniform towards
the center of the plate. However, gradients in the degree of bonding developed towards the
edges of the plate. These gradients resulted from variations in cooling and crystallization
histories developed from the center of the plate to the edges. Furthermore, these gradients

also indicate the directions with the least resistance for crack propagation in the plane.

A quantitative verification was conducted by extracting the degree of bonding at relevant
integration points located along two paths in the X (printing) and Y (transverse) directions.
These paths were centered along the width and the length of the printed panel. The mean of
the degree of bonding was computed from data points collected along each path and within
50 mm from the edges of the panel. Figure 10 compares the mean degree of bonding predicted
in the EDAM process simulation to the experimentally determined D,,. The blue error bars in

the experimental data indicate one standard deviation from the mean value.

Acceptable correlation between experimentally measured and predicted degrees of bonding
was obtained for five of the conditions as shown in Figure 10, however, the prediction for

the DCB-413-10 printing condition was significantly overestimated. The experimental
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measurements for this bonding condition also yielded the most significant coefficient of
variation (standard deviation relative to the mean) of the six bonding conditions.
Furthermore, a clean and straight crack propagation path shown in Figure 4-A of the appendix
indicated that crystallinity did not grow through the plane of crack propagation, but it rather
nucleated and grew from the interface. As a result, the fracture response of this bonding
condition was governed by secondary bonding, namely mechanical interlocking through the
roughness of the printed substrate and crystal nucleation at the interface. Although a
relatively low degree of bonding (<0.5) should be avoided in a printed part, mechanisms of

secondary bonding deserve further research.

The degree of crystallinity developed across the printed panels was predicted with the process
simulation and confirmed experimentally through DSC. The maximum degree of crystallinity
of 0.84 was achieved in all the printed panels, as confirmed by DSC measurements, thereby
confirming that the experimental measurements of the degree of bonding were not affected

by variations in crystallinity within the printed panels.

5 Conclusions

The mechanisms for fusion bonding of fiber reinforced, semi-crystalline polymers were
presented in the context of the EDAM process where wetting is not the rate-limiting step for
bonding. This results from the use of a compactor that consolidates the beads of molten
material onto the printed substrate. Further, the development of crystallinity across the
interface of adjacent layers has been shown to be of paramount importance to develop
interlayer fracture properties under the highly non-isothermal conditions developed in the

EDAM process. Interactions of polymer chain diffusion and crystallization during cooling
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and solidification have been shown to be key to development of interface strain energy

release rate.

A non-isothermal fusion bonding model for semi-crystalline polymer matrix composites was
developed by coupling a model for interdiffusion of polymer chains with the evolution of
crystallinity. This coupling was shown to capture the effect of crystallization in precluding
the mobility of polymer chains. The degree of bonding predicted with this model provides

the ratio of the G,; developed between adjacent layers to the G, measured from a

completely bonded joint of the same material system. The fusion bonding model was
exercised through the combination of non-isothermal DCB bonding experiments and
predictions of the temperature and crystallinity time histories obtained from a transient heat

transfer analysis.

Comparison of the predictions of degree of bonding to experimental results was carried out
by simulating the EDAM process of the panels utilized for preparing DCB specimens.
Predictions were in good agreement with the experimental measurements except for the
condition where crystallization did not occur across the interface. Finally, the fusion bonding
model developed has application to delamination that can occur during printing, during
cooling to room temperature after printing, and during service performance of an additively

manufactured geometry.
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Figure 1. Schematic representation of the ideal conditions for fusion bonding in EDAM with
crystallinity developing across the interface between two beads.



Figure 2. Preparation of DCB bonding experiments. (A) Process of printing panels with initial
crack. (B) DCB prepared with piano hinges. (C) Fracture test of DCB.
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Figure 3. Fracture test of one specimen type DCB-488-5. (A) Load-displacement curve with
three loading cycles. (B) Delamination resistance curve.



Figure 4. Side view of crack propagation path developed in additively manufactured DCB
specimens. (A) Printing condition DCB-393-10. (B) Printing condition DCB-488-5.



Figure 5. Closer view of the crack propagation path developed in specimen printed with the
DCB-488-5 conditions.
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Figure 6. Temperature field developed at different stages in the additive manufacturing process
of the panel printed with conditions DCB-413-10. (A) Printing the second layer. (B) End of the
third layer. (C) End of dwell time between third and fourth layers. (D) Printing fourth layer after

dwell time.
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Figure 7. Temperature time histories predicted for each of the bonding experiments until the time
to crystallize, t..
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Figure 8. Welding time, t,,, as a function of temperature characterized from bonding
experiments.



Figure 9. Degree of bonding predicted at the plane of crack propagation in printed panels.
A) Condition DCB-488-10. B) Condition DCB-413-10.
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Figure 10. Comparison of the D, predicted at the plane of crack propagation and the Dy,
characterized experimentally with error bars indicating one standard deviation.



Table 1. Process conditions used in non-isothermal bonding experiments.

Condition — TD Teﬁ;;‘lgl‘;‘;e( Ky | Dwell Time (5)
DCB-438-5 488.15 5
DCB-488-10 488.15 10
DCB-483-20 488.15 20
DCB-4388-40 488.15 40
DCB-393-10 393.15 10
DCB-413-10 413.15 10
DCB-523-10 523.15 10

DCB-523-10-HT 523.15 10




Table 2. Process conditions used in CAMRI for printing non-isothermal bonding experiments

Process Variable Value

Bead Dimensions - w, h (mm) 4.7,1.3

Orifice of Extrusion Nozzle (mm) | 3.175

Extrusion Temperature (K) 583.15

Printing Speed (mm/s) 91.67
Tamper Speed (strokes/s) 25




Table 3. G;- and degree of bonding measured experimentally.

. Mean SD Mean | SD
Condition —ID Gic J/m*) | Gic J/m?) | Dy | Dy
DCB-488-5 455 71 091 | 0.14
DCB-488-10 450 49 0.90 | 0.09
DCB-488-20 433 40 0.86 | 0.08
DCB-488-40 392 33 0.78 | 0.06
DCB-393-10 58 17 0.12 | 0.03
DCB-413-10 211 60 0.42 | 0.12
DCB-523-10 502 45 1.0 0.08
DCB-523-10-HT 498 60 - —




Table 4. Ambient and process conditions utilized for simulating the printing process of panels
used in the bonding experiments.

Process Condition Value

Ambient Temperature Convection (K) | 303.15

Ambient Temperature Radiation (K) | 423.15

Material Deposition Temperature (K) | 583.15
Heat Removed by Compacter (W) 50.0




Table 5. Parameters characterized for the welding time of CF-PPS.

Parameter Value
E, (J/mol) | 6.803-10*
A (s) 4.258-107°
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