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ABSTRACT:

One critical challenge for commercial products via material extrusion 3D printing is their inferior
the mechanical properties in comparison to injection molding; in particular, 3D printing leads to
weaker properties perpendicular to the plane of the printed roads (z-direction). Here, rapid (<20 s)
post-processing of 3D printed carbon- poly(ether ether ketone) (PEEK) with microwaves is
demonstrated to dramatically increase the modulus, such that the z-direction after microwave
processing (2.7-3.8 GPa) exhibits a higher elastic modulus than the maximum in any direction for
the as-printed part (2.3 GPa). Additionally, the stress at break in the z-orientation is increased by
an order of magnitude by microwaves to be consistent with other print orientations in the as-printed
state. The rapid heating and cooling by coupling of the microwave energy with the carbon filler
in the PEEK does not increase the crystallinity of the PEEK, so the increased mechanical properties
are attributed to improved interfaces between printed roads. This simple microwave post-
processing enables large increases in the elastic modulus of the printed parts and can be tuned by
the microwave power. As PEEK is generally difficult to print, these concepts can likely be applied
to other commercial engineering plastic filaments that contain carbon or other fillers that are
microwave active to rapidly post process 3D printed thermoplastics and does not require the
modification of filament with selective placement of the carbon. Additionally, these results

demonstrate that the average crystallinity does not necessarily correlate with the strength of 3D
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printed semicrystalline plastics due to the importance of the details of the interface between

adjacent printed roads.
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1. INTRODUCTION

Additive manufacturing of high-performance engineering plastics by material extrusion (MatEx)
has rapidly advanced in recent years [1, 2]. The mechanical performance of these printed
thermoplastic parts tends to suffer from a number of drawbacks in comparison to traditionally
processed plastics [3, 4], including lower elastic modulus, anisotropic properties and decreased
toughness/ductility. Significant efforts have been undertaken to optimize the print tools and
process conditions to minimize these adverse effects in MatEx 3D printing based on fused filament
fabrication (FFF) [5-7]. Many of the challenges can be attributed to the strength of the weld
between adjacent printed roads and thus there have been many efforts to develop routes to measure
and predict the interfacial strength [8-11]. The characteristics of the polymer flow (rheology)
during the print [12] determine the interface development [11], entanglements [13], and melt
elasticity/chain alignment that could produce deformation or residual stresses in the printed part
[14]. One simple route to address the residual stresses in the parts is through thermal post to allow

the stresses to relax [15].

For MatEx, glassy thermoplastics are commonly employed, such as polylactic acid (PLA) [16],
acrylonitrile-butadiene-styrene (ABS) [17] and polyetherimide (PEI) [18], where the glass
transition temperature (Tg) is a critical characteristic associated with printing [14]. The non-
Arrhenius approach to Tg leads to a marked slowdown in the polymer dynamics on cooling as Tg
is approached [19], which leads to locked-in non-equilibrium chain conformation and added
residual stress in the printed part [14]. The performance of these (predominately) amorphous
plastics is typically limited by the mechanical properties that can be attributed to the weld lines
between printed roads [9], where insufficient interdiffusion occurs [20]. To address these

challenges with the mechanical performance of 3D printed glassy polymers, a variety of



approaches have been proposed. The viscosity of the polymer at temperatures near Tg is high, so
heating near Tg can relax segmental stresses and improve the inter-road welds without significant
deformation of the macroscopic structure of the 3D printed object [21]. Alternatively, the density
of the printed plastic can be enhanced to improve mechanical properties through cold isostatic
pressing, while completely arresting flow [22]. Green and coworkers recognized that the primary
loci for failure was the interface between printed roads and thus localization of heating at this
interface via inclusion of carbon nanotubes at the surface of the filaments to couple microwave
energy for annealing can dramatically increase the mechanical performance without loss of the
dimensional accuracy [23]. This microwave process illustrated a 275% increase in the weld
fracture strength of PLA, but requires re-engineering of the filaments with a carbon nanotube
coating [23] and/or modification of the printer to enable the inductive heating during the print [24-
27]. This large improvement in mechanical performance suggests that rapid processing with
inductive heating could provide significant enhancements that are not possible with tradition
approaches. However, microwave post processing of carbon-PLA composites led to only marginal
(<20%) increases in tensile strength [28]. There is evidence that nanoparticles on the surface of
filaments can on their own act to improve the adhesion between printed roads [29], so this might
be one reason for the difference in mechanical performance between carbon nanotube coatings and

uniform carbon fiber composites but this has not been adequately investigated.

Despite the biased preference of glassy plastics for 3D printing, semicrystalline plastics offer the
potential for improved mechanical performance due to differences in the solidification and
requirements for a strong interface [30]. The dynamics associated with semicrystalline polymers
differs tremendously from glassy polymers as there is a step-change in viscosity on crystallization,
such that the mobility of the polymer is effectively halted on crystallization. This enhanced
mobility near the solidification temperature can provide printed parts with mechanical properties
that can be adequate for a variety of applications, but the stresses developed on crystallization can
generally act to deform the printed object [31-33]. There have been a variety of approaches taken
to minimize the deformation of the printed structure on crystallization of the filament, which
include use of a large brim [33], inclusion of additives to minimize crystallization [34], and dilution
of the crystalline material with a filler [35]. There is potential for significant improvements in
mechanical properties of semicrystalline polymers on post processing to generate better defined

crystals across the interfaces between printed roads. The temperature dependence of the viscosity



of semicrystalline polymers tends to limit the post-processing as melting the crystals will tend to
produce significant flow. The topology of the chains tends to be locked in place on annealing at
temperatures below Tm, as the crystals effectively act as physical crosslinks. Under these
conditions, only local motions are allowable to produce some secondary crystallization by the
amorphous segments in the polymer, but this limits significant rearrangement of the polymer
conformation to dramatically enhance mechanical performance of semicrystalline engineering
plastics as motion across the interface is likely necessary due to the alignment of the chains in the
print direction [36]. One alternative to temperature is to use non-solvent vapors to provide mobility

to the polymer to improve the mechanical properties of 3D printed semicrystalline polymers [37].

In this work, we demonstrate the potential of microwave energy to rapidly heat and cool a 3D
printed structure using a commercially available carbon-PEEK composite filament (containing 10
wt% carbon fiber) to enhance the mechanical properties of the part. This methodology builds upon
the pioneering work of Green and coworkers, who used carbon nanotube coating on PLA filaments
to provide localized heating to the interfaces between printed roads [23]. Although the size of the
printed specimen is limited by the microwave size, there are a variety of industries that have
already adopted microwaves for processing that produce large area objects, notably in aerospace
for curing of carbon fiber thermosets [38], vulcanization of rubber, and powder drying for mineral
processing [39]. These large industrial microwaves, including those developed for roll-to-roll
processing [40], should provide the scale to enable microwave post-processing of most 3D printed
parts based on the build size limits of most production MatEx printers and scale-up challenges for
industrial microwaves have mostly been overcome [41]. In the work presented here, the carbon is
dispersed throughout the filament, so heating will not only be centered at the interface. In prior
studies, the coating of the filament localizes the heating but here the heating will occur everywhere
in the printed part. However, the microwaves eliminate the initial constraints of heat transfer when
compared with oven annealing and improve the time resolution for short high temperature
annealing, which can allow for more efficient processing [38]. Moreover in comparison to early
work with microwave processing for AM, this approach is more readily transferable due to the
prevalence of commercial carbon-filled composite filaments on the market [42]. The tensile
properties of the printed carbon PEEK were examined as a function of print orientation and post
processing at low (100 W, 20 s) and high (200 W, 10 s) microwave power. This microwave
processing rapidly heated the printed specimen to locally melt the PEEK crystals, but also allows
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for rapid cooling on cessation of the application of radiation. Rapid cooling tends to impede the
crystallization of the PEEK and the crystallinity of the PEEK decreases with the microwave post
processing. However, the short heating time minimizes deformation of printed object. The
microwave processing tends to increase the elastic modulus by a factor of 2-3 for all print
directions. Despite the preservation of some anisotropy in the mechanical properties associated
with print direction, the end-on (YZ direction) printed specimen exhibits a higher elastic modulus
after microwave processing than the as-printed specimens printed flat (XY) or edge-on (XZ).
These results demonstrate the potential to rapidly improve the mechanical performance of 3D
printed composites with microwaves, which may be applicable to other carbon-filled composites
filaments that are commercially available and utilize high performance engineering polymer

matrices.

2. MATERIAL AND METHODS

2.1. Materials and Characterization: Carbon PEEK filament was acquired from Roboze, Inc. The
PEEK contained 10 wt% short carbon fiber loading per data sheet specifications. To remove
adsorbed water, the filament was dried at 100°C for 12 h using the HT dryer associated with the
Roboze One +400 Xtreme printer. The dried filaments were used for printing without removal
from the chamber, while small pieces of the dried filament were removed for thermal analysis.
The thermal properties of the carbon PEEK were assessed by differential scanning calorimetry
(DSC, TA Instruments Q200). The DSC experiments were performed at 10°C min™! in hermetically
sealed aluminum pans (DSC Consumables, Inc.) under a nitrogen atmosphere. The thermograms
from DSC were recorded on heating from 40° to 400 °C. In all cases, 4-6mg of polymer composite
were used with samples examined from the filament, after printing and after post processing. The
first heating was used to calculate the crystallinity of the specimens from the integrated enthalpy
associated with the endotherm on melting. The enthalpy was normalized by the mass of PEEK in

the specimen based on 10 wt% carbon fiber in the composite. The fractional crystallization was

AHexp
AH® ’

determined as: %Crystallinity = where AHexp is the experimentally measured enthalpy of

crystallization and AH® is the reported enthalpy of crystallization for PEEK (122.5J g™!) [43]. X-
ray diffraction (XRD, Bruker AXS D8 Discover) with copper K radiation (4 =1.54 A) at 40 kV



and 35 mA was used to determine the crystalline phase of the PEEK. The diffraction was measured

from 10° to 35° with a step size of 0.01° in 6 -20 mode using a standard 10 mm slit.

2.2. 3D Printing: The carbon PEEK filaments were printed into standard tensile (ASTM D638
type V) specimens using a Roboze One +400 Xtreme 3D printer that is designed for printing high
performance engineering plastics and was equipped with a 0.4 mm E3D hardened steel nozzle.
This hardened nozzle decreases the abrasion losses from the carbon fibers in the filament. The
extrusion temperature (430°C) and printing speed (20 mm/s) were selected to match the original
calibration builds for the Roboze printer. The composite was printed onto a polyetherimide (PEI)
sheet held via a vacuum system with the building platform temperature set to 130 °C. All layer
heights were set as 0.2 mm layer height with 1 layer of perimeter. The g-code was generated via
Simplify3D (version 4.1.2). Tensile bars were printed with 100% infill and 0°/90° alternating print
orientation. For statistics, 9 specimens were printed in parallel in the same build orientation at
same time. The tensile bars were printed in flat (XY), edge-on (XZ) and stand-on (YZ) build

orientations. Layers were printed with 0°/90° orientation.

2.3. Microwave Post-Processing: The printed tensile bars were subjected to controlled microwave
radiation for inductive heating from the carbon fiber fill using a research microwave (BP-210,
Microwave Research and Applications, Inc.) as shown in Figure S1 in the Appendix. The printed
specimens were held on glass slides and placed into the center of a quartz tube that provides
potential for flow chemistry through the microwave. In this case, the tube is used to purge the
atmosphere surrounding the printed carbon PEEK with argon gas. To minimize the residual
oxygen, the tube was purged at 100 mL/min for >10 min prior to heating with microwaves. The
power of the microwave was systematically varied along with the exposure time to understand the
post processing window. When the microwave power was 400 W or greater, decomposition of
polymer was observed from FTIR measurements, even with only 5 s of microwave exposure. With
lower microwave power conditions at 200 W for 20 s or 100 W for 40 s, decomposition of polymer
was not observed but the specimens seriously deformed. Due to the geometry of the microwave
chamber, it was not possible to measure the temperature of the specimens during microwave
processing with an IR camera as commonly reported in the literature [44], Thus, we relied on
observations about the changes in the macroscopic structure to select the microwave processing

conditions that should impact the mechanical properties. In this case, the power was set to 200 W



or 100 W with shorter microwave post-processing times to prevent decomposition of polymer and
to limit the deformation of the test specimens. Images of the test specimens with significant
deformation are shown in Figure S2 in the Appendix. It should be noted that the exact conditions
necessary will be specific to the microwave and details of the cavity as determined through detailed
microwave engineering [45]. For this reason, the samples were always carefully loaded to the same

position in the microwave with the same ceramic boat supporting the printed specimens.

2.4. 3D Scanning: To quantify changes in the dimensional accuracy with microwave post
processing, a blue light scanning camera (Polyga, HDI-C109) equipped with a rotatory stage was
used to reconstruct the 3D structure within FlexScan3D software (Polyga, version 3.3.12). Prior
scanning, the camera system was calibrated with calibrating checkerboard on the rotary stage and
follow procedures provided from manufacturer. For improved contrast, specimens were sprayed
with a thin layer of AESUB blue 3D scanning spray (AESUB). The specimen was then fixed to
the rotary stage with nonhardening clay (Sargent Art). 12 images were captured each scan and total
of 2 scans were performed for each sample to ensure the full structure was captured. The 3D
structure was reconstructed within FlexScan3D using a mesh density of 100% and interval spacing
of 0.06. The two scans were then aligned and combined into one 3D structure. The finalized 3D
structures were then compared with original CAD file within the GOM inspect 2019 software with

three-points alignment method to produce a false color map to illustrate the dimensional accuracy.

2.5. Mechanical Testing: The mechanical properties of the printed carbon PEEK specimens were
determined in tensile mode using an MTS 50kN load frame (Criterion Model 43). The load frame
was equipped with a 5 kN force sensor and a video extensometer. The video extensometer was
used to provide an accurate measure of the deformation within the gauge region of the tensile
dogbone specimens. The displacement rate was 10 mm-min™! for all specimens. These test

parameters are consistent with ASTM D638 for the tensile test of plastic materials.

2.6. Imaging: The failure surfaces of the tensile specimens were examined using scanning electron
microscopy (SEM, Thermo Scientific Q250). The specimens were obtained after mechanical
testing and the height of the sample was cut to accommodate the SEM chamber. The specimens
were mounted on a sample puck with carbon conductive tape (Nisshin Em Co., Ltd.). No coating

or other modifications were made to the fracture surface being imaged. The SEM measurements



were performed in high vacuum mode to minimize oxidation. The measurements used an
accelerating voltage of 3 kV and current of 53 pA. An EDT detector was used to capture secondary

electrons. The images were acquired using the image integration function to improve resolution.

The internal structure of carbon PEEK printed specimen was elucidated with X-ray
microcomputed tomography (LCT, Zeiss Versa 620). The uCT scanner operated at 80 kV/ 125 pA
without a filter and X-ray images were recorded every 0.4° over a range of 180°. The electron
density differences between the polymer matrix and carbon fiber provided contrast for uCT to
directly visualize the carbon fibers within the polymer matrix. The carbon fiber orientation in the
printed parts was determined using Avizo (software, version 2020.2, Thermo Fisher Scientific).
The relative orientation of the fibers to the print direction was quantified using the Herman’s

orientation factor, f, by manually summing the orientations of all the carbon fibers in the field of

3(cos? a)-1

> , where o is the angle of an

view. The Herman’s orientation factor is given as: f =

individual carbon fiber relative to the print direction.

Lower resolution uCT scans were used the GE v|tome[x L300 multiscale nano/uCT system
operating at 50kV/200 pA without a filter. The X-ray images were recorded every 0.4° over 180°.
These lower resolution scans enabled direct visualization of the internal voids and surface topology
of the printed parts before and after post processing with microwaves. The size of the voids within

the printed parts was quantified using the uCT reconstruction within the Avizo software.

3. RESULTS AND DISCUSSION

3.1 Additive manufactured polymer composite assisted with microwave post-processing. Figure 1a
illustrates the three different build orientations (flat XY, edge-on XZ and stand-on YZ) that were
investigated. For both XY and XZ orientation, the printed specimen includes roads that extend
along the full specimen in the direction of the applied force, while the strength of the specimen
printed in YZ orientation relies fully upon the strength of the printed road interfaces during the
tensile test. The relatively fast cooling through the crystallization (Tc) and glass transition (Tyg)
temperatures of the PEEK during the print tends to lead to weak interfaces between the printed

roads as there is limited interdiffusion of chains and chain orientation from flow limits



crystallization between the printed roads [46]. Post-processing with microwaves is examined here
as a route to improve the properties of the interfaces as schematically illustrated in Figure 2b. The
carbon fibers are aligned by flow and adsorb the microwaves to promote local inductive heating
that can act to quickly heat the composite, but also cooling is generally rapid on cessation of the
microwave radiation [23, 47, 48]. The inductive heating overcomes limitations associated with
heat transfer to rapidly heat the volume of the specimen to temperature, so there is no time delay
in annealing the middle of the specimen as would be the case in an oven. As the result of both the
uniform heating that can decrease the heat exposure time and the large AT due to the microwave
not heating the environment around the specimen providing accelerated heat transfer especially

near the surface of the printed specimen, the flow of the polymer can be limited to minimize large
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Figure 1. (a) Schematic showing printed carbon PEEK with different build orientations along with
PEEK chemical structure. (b) Schematic illustrating the printed road directions and the proposed
effect of microwave post-processing on the chain conformation at the interface between roads of

additive manufactured carbon PEEK.

3.2 Impact of build orientation and post-processing on tensile properties. Figure 2 illustrates how
the print orientation and microwave post-processing impacts the tensile stress-strain behavior of
the 3D printed carbon PEEK (containing 10 wt% short carbon fiber). When examining the as-
printed specimens, there is a significant reduction in the mechanical properties in terms of both the

ultimate tensile stress and strain at break when printed in the stand-on build orientation. This



significant anisotropy in mechanical properties is common for most polymers printed by MatEx
[49, 50] with few exceptions [51, 52]. However, the improvement in the stress strain performance
after the microwave processing is quite striking. As shown in Figure 2a for the composite printed
in the flat build orientation, there is a factor of 3-4 increase in the ultimate stress after microwave
processing and a commensurate increase in the slope of the stress-strain curve. These changes in
the stress-strain behavior are indicative of significant enhancements in the strength of the printed
parts. It should be noted that the waviness in the tensile curves in some case is a result of
repositioning of the video extensiometer; the stress-strain curve based on crosshead displacement
is smooth for all specimens examined. A similar change in the mechanical performance is observed
with the edge-on build orientation (Figure 2b), but the enhancement appears in cases to be more
significant in this orientation. For the stand-on build orientation (Figure 2c), the modulus clearly
increases significantly with the use of microwave post-processing, but the specimens remain
significantly more brittle than for the other build orientations with the strain at break being
approximately % that of the flat or edge-on build orientations. All of the individual stress-strain
curves for the printed specimens are included in the appendices (Figures S3-S5) for completeness.
These results illustrate that the microwave post processing can significantly increase the

mechanical performance, but the extent of improvement appears to be dependent on the build

orientation.
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Figure 2. Representative stress-strain curves for (a) flat, (b) edge-on and (c) stand-on build
orientations of carbon PEEK with (®) no post processing, (4) 100 W for 20 s, and (0) 200 W for

10 s microwave irradiation.

To better quantify the effect of microwave post processing on the mechanical properties of the
carbon PEEK composite, the average properties are reported in Figure 3 with the standard error
shown as the error bars in the plots. The enhancement in elastic modulus by microwave post-
processing is clear from Figure 3a with the modulus increasing from approximately 2 GPa to
greater than 5.5 GPa. Although the average modulus with the lower power is greatest, the
difference in modulus between the two microwave powers examined is not significant. The elastic
moduli of the as-printed and post processed at 100 W specimens are only marginally impacted by
the change from flat to edge-on build orientation, but there is a significant difference in modulus
with 200 W microwave post-processing with a higher modulus using the edge-on build orientation.
Similarly, the elastic modulus exhibits the largest improvement with the 200 W microwave post-
processing when printed in the stand-on build orientation, but the absolute value of the elastic
modulus is significantly smaller when compared with other build orientations after microwave
post processing. However, the elastic modulus after microwave post processing in the stand-on
build orientation is greater than the as-printed modulus in the flat or edge-on build orientation. The
microwave post-processing only marginally impacts the strain at break for the carbon peak with
all specimens failing at less than 2% strain (Figure 3b). Here, the carbon fibers within the
composites impedes the rearrangement of the molecule orientations for the PEEK chains, so the

composites are not as ductile as neat PEEK [53]. This composite driven brittleness of the composite
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leads to a limited effect of microwave processing on the strain at break for the printed parts in
general. Figure 3¢ shows the toughness of printed sample, which is associated with the capacity of
the part to absorb energy prior to failure. From the tensile data, this toughness is calculated as the
area under the stress - strain curve. The inferior toughness for the stand-on build orientation can
be mostly attributed to its much lower strain at break, irrespective of post processing. The
microwave post processing promotes interfacial welding to increase the stress required for
deformation to enhance its capability to absorb energy prior failure for the printed composites.
This increased strength is captured by the ultimate tensile strength (UTS) shown in Figure 3d. The
maximum stress prior to failure is increased with microwave post processing, but there is limited
effect of the microwave conditions on the UTS for the 3D printed cPEEK. The differences in the
anisotropy of Young’s modulus and UTS for different build orientations are shown in Figure S6.
Overall, flat and edge-on build orientations outperform stand-on build orientation regardless of
microwave post processing, where the printed roads act similar to carbon fiber composites with
fiber pull-out or fiber fracture being required before catastrophic failure [54]. As expected the
mechanical performance of the 3D printed composites is less than reported values in the literature
for continuous carbon fiber-PEEK composites, but the UTS can be similar to that of compression
molded PEEK after the microwave post processing for the flat and edge-on build orientations [55].
The mechanical properties of PEEK and carbon-fiber PEEK composites are dependent upon the
crystallinity of the PEEK, which can be controlled by details of the processing [55].
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Figure 3. Influence of microwave post processing on the (a) elastic modulus, (b) strain at break,
(c) toughness and (d) ultimate tensile strength as a function of print orientation and post-processing

conditions.

3.3 Changes in crystallinity and crystal size of PEEK with microwave post-processing. To explain
the enhancement in the mechanical performance with microwave post-processing, the most
obvious rationale is an increase in the crystallinity of the specimens. It is known that crystallinity
can significantly impact the mechanical properties of carbon-PEEK composites with traditional
plastic manufacturing [55]. An increase in crystallinity tends to increase the elastic modulus and
UTS, but decrease the fracture toughness [55]. However as shown in Figure 4a, the enthalpy of
melting decreases with the microwave post processing for the flat build orientation. Interestingly,
the crystallinity marginally increases in the as-printed state relative to the initial filament. These

changes in crystallinity are related to the thermal and flow history. The melting point is essentially
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unchanged by post-processing with microwaves, so there is not a change to substantially smaller
crystals that would exhibit lower melting points due to Gibbs-Thomson. As shown in Figure 4b,
the changes in crystallinity are, in general, small with the crystallinity between 25 and 35% for the
PEEK. This crystallinity is consistent with those typically observed for PEEK in 3D printing [56]
as well as the crystallinity obtained from more traditional processing with compression molding
(16-39%) [55]. To understand variability within the filament, four different locations of the cPEEK
filament were examined by DSC. The result in Figure S7 shows near constant crystallinity of the
PEEK (33.1 £ 0.7 %). These data indicate that simply improvements in the crystallinity are not
responsible for the significant increase in the mechanical performance of the carbon-PEEK
composites after microwave post-processing. The general decrease in crystallinity with microwave
post-processing indicates that the crystals partially melt. If recrystallization increases the number
of crystals with chains that bridge between roads, this would increase the strength of the interfaces

and thus improve the mechanical performance of the printed specimens.
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Figure 4. (a) DSC 1* heating curve of cPEEK filament, as-print and microwave post-processing
samples in gauge region with specific heat of fusion (Note: the heat of fusion listed includes the

mass of PEEK and carbon). (b) Calculated crystallinity of PEEK in the printed specimens based

on 10 wt% carbon fiber in the composite.

This knowledge about the crystallinity of the printed specimens can be used to place the
mechanical performance illustrated in Figure 3 in perspective to pure PEEK processed by
compression molding with similar crystallinity. In this case, the UTS for the microwaved flat and

edge-on samples is approaching that of pure PEEK from compression molding with 33%
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crystallinity (97 MPa) [55]. The carbon fiber filler in the 3D printed parts leads to increased
Young’s modulus after microwave processing for the flat and edge-on build orientations in
comparison to pure PEEK (4400 MPa) with 33% crystallinity. This indicates that the specimens
with the flat and edge-on build orientation would exhibit performance that could directly replace

PEEK produced with conventional manufacture.

X-ray diffraction provides additional insights into the impact of the microwave post-processing on
the crystal structure of the PEEK. Figure 5 illustrates the x-ray diffraction profiles for the different
build orientations and post processing with microwaves. The peak locations in the profiles are
consistent with typical semicrystalline PEEK with an orthorhombic cell and the following
assignments: (110) ~19°, (111) ~21°, (200) ~23°, and (211) ~28° [57, 58]. The peak near 26° is
attributed to the crystallographic plane for the graphene stacks in the carbon fibers in the composite
[59]. There are some clear differences in the diffraction profiles that depend both on the build
orientation and post processing. Crystallization is dependent on shear and temperature history, so
this dependence can explain the build orientation effect on the diffraction profiles. The observable
peaks in the as-printed specimen changes with build orientation due to the effective orientation of
the crystals. This orientation of the crystals is likely attributable to chain elongation during printing
that does not relax quickly [13, 14]. Chain orientation is known to impact performance of 3D
printed plastics [60, 61] with highly oriented chains reducing interdiffusion and interfacial strength
development especially for glassy polymers [14, 62]. For semicrystalline polymers, the orientation
of chains can improve crystallization through flow induced crystallization [63] and crystallization
across the interface between printed road tends to be sufficient to provide weld strength rather than
diffusion to form entanglements [30]. Thus, chain orientation may increase or decrease the
mechanical performance for the PEEK depending on how this influences the local crystallization
at the interface between roads. The chain orientation also leads to residual stress in the material

that can lead to deformation after post-process annealing as the stress is relieved.

After microwave post-processing, the diffraction profile is also changed. In general, the peak width
broadens after microwave post-processing; the peak width is inversely proportional to the crystal
size through the Scherrer equation [64]. The crystal size is generally correlated with fracture
mechanics with a more brittle specimen expected as the PEEK crystal size increases [65]. Table

1 summarizes the average crystal size with respect of build orientation and microwave post-
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processing conditions. Detailed information regarding the peak position and full width at half
maximum (FWHM) at each processing condition can be found in Tables S1-S9. These data
indicate that the microwave post-processing as used in this study does not lead to an average
increase in the size of the PEEK crystals. The post-processing decreases the crystal size on average,
which indicates that the PEEK is at least partially melted by the microwave processing. Thus, the
post-processing with microwaves is producing actions (lower crystallinity, smaller crystal size)

that tend to reduce the mechanical performance of 3D printed PEEK when comparing as-printed

parts [56].
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Figure 5. XRD profiles with different post-processing for the (a) Flat, (b) Edge-on and (c) Stand-

on build orientations. The profiles are vertically offset for clarity.
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Table 1. Influence of build orientation and microwave post-processing conditions on the average

crystal size of PEEK from Scherrer analysis of XRD data.

. . Average crystal
Processing condition

size (nm)
Flat as-printed 10.49
Flat 100 W, 20 s 8.40
Flat 200 W, 10 s 8.94
Edge-on as-printed 7.60
Edge-on 100 W, 20 s 7.70
Edge-on 200 W, 10 s 7.59
Stand-on as-printed 7.43
Stand-on 100 W, 20 s 6.37
Stand-on 200 W, 10 s 7.46

3.4 Dimensional accuracy and internal microstructure.

There is evidence from XRD and DSC that some PEEK crystals melt during the microwave
processing, so it is important to understand if there is significant loss of the dimensional accuracy
of the parts with the post processing. Figure 6 illustrates the 3D structure of the printed tensile bars
as a function of post-processing conditions. Inaccuracies in the as-printed specimen are primarily
near the ends of the tensile bar, which can be attributed to a small but resolvable bend to the tensile
bar (Figure 6a). In general, the structure is well maintained through the microwave post-processing
used, but there are some local regions that appear to have formed bubbles or blisters on the surface
of the printed part. These could be associated with trapped outgassing as the specimen is rapidly
heated. These defects appear to be localized primarily to the middle of the gauge region of the
tensile bars near the edges. This localization of the defects is indicative of the non-uniform heating

of the printed samples by the microwaves. In addition to these defects, the bend of the tensile bar
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increases in comparison to the as-printed sample with the curvature increasing in the same
direction as the original warp of the tensile bar after microwave post-processing (Figure 6b and
6¢). This increase in the warpage could be associated with some stress relaxation that bends the
sample. In addition to this warpage, careful examination of the 3D scan reconstruction shows that
the thickness of the sample does increase slightly with a maximum of 10% increase outside of the
regions with blisters. However, the overall dimensions of the specimens does not dramatically
change as has been found in some cases with other composites when annealing at high

temperatures with conventional thermal oven [66].
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Figure 6. Comparison of the structure of the 3D printed carbon PEEK with flat build orientation

(a) without microwaves, and after (b) 100 W, 20 s and (c) 200 W, 10 s microwave post-processing.

Figure 7. 2D cross-section cuts from the 3D reconstruction of the gauge region from low resolution
uCT scans for flat orientation. The impact of post-processing conditions on the structure are
evident when comparing the (a) as printed specimen with ones post-processed at (b) 100 W, 20 s

and (c) 200W, 10 s with microwaves. The cross-sections are specifically located in the gauge
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region where the blisters occurred after microwave post-processing to best illustrate the structure
associated with the blisters. Other regions show limited differences between these three post-

processing conditions.

For a more detailed insight into the structural differences, pnCT was used to examine the 3D
structure of the gauge region as shown in Figure 7. From examination of the internal structure with
uCT, the surface protrusions observed with the 3D blue light scans in Figure 6 are shown to be
larger voids in the printed parts. The microwave post-processing produces some larger voids in
the parts within the gauge region. According to FTIR analysis for all specimens shown in Figure
S8, there are limited changes in the spectra in comparison to the cPEEK filament, which suggests
during the selected microwave post-processing is limited. The only outlier is the specimen with
flat build orientation and 100W 20s microwave post-processing where a broad peak between 3000-
3500 cm! evolved. This broad peak is generally associated with -OH stretching bond, which could
be associated with some oxidation and/or adsorbed water. This also leads to our hypothesis for the
void formation, which is insufficient drying of the larger printed objects when compared to typical
filament drying protocols. The adsorbed water in PEEK will expand significantly on heating to
foam the sample if the temperature exceeds Tg of the PEEK. Typically, heating is slow, so water
can evaporate and leave the system prior to reaching Tg, but the rapid heating rate associated with
the microwaves limits the loss of water from the PEEK [67]. These voids in the printed parts would
be expected to embrittle the cPEEK, but the microwave processing tends to not significantly

impact the strain at break (Figure 3b).

Examination of the failure surfaces after the tensile test can provide some additional insights into
the microwave mechanism for enhanced mechanical performance. Figure 8 illustrates the cross-
sections of the fracture surfaces. For the flat build orientation, the deformation of the tensile bar
does not appear to significantly influence the general geometry of the cross-section. Without
microwave post-processing (Figure 8a), the printed roads can still be resolved within the fracture
area. Exposure to 200 W microwaves leads to marked changes in the structure of the fracture
surface as shown in Figure 8b. The rectangular cross-section expected for the tensile bar specimen
is deformed, but this was prior to deformation. Examination of the SEM micrograph reveals large
pores in the deformed region. It is striking that the ultimate tensile strength of the highly porous

specimen (Figure 8b) is more than 3 times that of the as printed specimen (Figure 8a). However,
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the discrete roads within the printed specimens are not as clearly defined after microwave post-
processing. When printed in the stand-on build orientation, plastic deformation occurs at the edge
of the specimen as the sample fully fractures. Similar structures at the surface are found for the
stand-on build orientation without (Figure 8c) and with (Figure 8d) microwave postprocessing.
There also appears to be less porosity after microwave post-processing when comparing the

micrographs for the specimens printed in the stand-on build orientation, which is counter to the

images of the flat build orientation.

Figure 8. SEM micrographs of the fracture surfaces for the flat build orientation (a) without and
(b) with microwave postprocessing (200 W, 10 s) and the stand-on build orientation (c) without

and (d) with microwave postprocessing (200 W, 10 s)

To better understand porosity introduced by the microwave post-processing, pCT images of the
printed specimens were examined to determine the void fraction as well as the distribution in the
pore size. These uCT images are included in the appendix (Figure S9). In general, when examining

3D printed plastics, increases in the void fraction printed parts tends to decrease the mechanical
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performance [68, 69] of 3D printed parts. However as shown in Figure 9a, the void fraction is
significantly increased with the microwave processing. The highest porosity was found for the flat
build orientation with 100 W microwave post processing, but this post-processing leads to a factor
of nearly four increase in the modulus and ultimate tensile strength. Consistent with the previous
observations for the fracture surfaces, there is limited difference in the porosity for the specimens
printed in the stand-on build orientation. However, there is a disconnect between the porosity of
these cPEEK specimens and their mechanical performance after microwave post-processing. The
differences in the porosity are suggestive of a gas expansion process during the microwave heating
as the longer microwave exposure, although at a lower power, tends to lead to a greater increase

in the porosity.

To better understand the changes in the void fraction, the void size distribution was determined
from the pnCT images. The distribution in void sizes tends to only modestly shift to larger size with
the microwave processing (Figure 9b-d) except in the case of the flat build orientation after 100
W microwaves (Figure 9b). With this one case, there was a significant shift in the pore size
distribution to larger pores with a loss in the smallest pores measurable by uCT. Even with the
small increase in pore size on average, there is a substantial increase in the overall porosity for the
flat and edge-on build orientations. As the larger pores contribute more to the void fraction on a
per pore basis, these small changes in the distribution can lead to appreciable increases in the
overall porosity of the specimens. For the stand-on orientation, the shift in the pore size distribution
is small (Figure 9d), which is consistent with the limited increase in the overall porosity with
microwave post-processing with this build orientation. These results are consistent with the

increased porosity being associated with gaseous expansion during the microwave processing.
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Figure 9. (a) Void fraction as a function of the build orientation and microwave post-processing
conditions. Histograms of void size distribution from analysis of pCT images for (b) flat, (c) edge-

on and (d) stand-on build orientations.

As the mechanical properties and the structural changes from the microwave post-processing
appear to be dependent on the build orientation, it is instructive to consider the microwave
interactions with the printed object to enable the heating and how this heating process could depend
on the spatial arrangement of the carbon fibers. Carbonaceous materials are known as strong
absorbers for local heating to promote chemistry with microwaves [70]. Microwave heating with
carbons generally occurs through the interaction between microwaves and the electrons through
interfacial (Maxwell-Wagner-Sillars) polarization and Joule heating. However, the anisotropy of
the carbon fibers means that the orientation of the fibers within the printed part may influence the

heating.
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Figure 10a illustrates a higher resolution uCT image of a printed sample after microwave post-
processing. The difference in the electron density between PEEK and the carbon fiber enables
visualization of the distribution of filler in the printed part. There is orientation of the fibers in the
flow direction with the side and end view of the fibers clearly observed in the alternating layers
with 0° and 90° orientation for the raster. Figure 10c illustrates schematically the relationship
between the print path and observed orientation of the carbon fibers. The extent of orientation can
be quantified by examining all of the fibers in the field of single print line and determining
orientation angle relative to the print direction. The selected region for the fiber orientation analysis
is shown in Figure S10. This region was used to confirm the carbon fiber loading in the filament.
From the pCT, printed filament contains 7.96 vol% carbon fiber, which based on the reported
densities of carbon fiber and PEEK leads to a composite containing 11.2 wt% carbon fiber. This
is similar to the reported 10 wt% carbon fiber loading for the composite. As shown in Figure 10b,
most of the carbon fibers are oriented in the flow direction. The Herman’s orientation factor
determined from this distribution is 0.8857, which is indicative of a high degree of orientation of
the carbon fibers after printing. As the print path for the roads will impact the relative distribution
of carbon fibers in the object, this difference may account for some of the differences in the

changes in properties with microwave post-processing that depends on the build orientation.
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Figure 10. (a) uCT image with 700 nm resolution scan for fiber orientations of flat build
orientation specimen after 200 W, 10 s microwaves. (b) Single layer fiber orientation angle
analysis base on the printing direction. (¢) Schematic illustrating the relationship of the pCT

imaged area shown to the print path.

Similarly, the as print specimens were also examined with high resolution pCT for carbon fiber
orientation. As shown in Figure 11, the carbon fibers tilt angle along with print direction are
presented in relative frequency within fixed space of a single layer. For flat and edge-on build
orientation, nearly all of the carbon fibers are aligned with print direction with the tilt angle less
than 50 degrees. In contrast, fiber orientation angle from the stand-on build orientation specimen
is not highly correlated with the print direction. This difference is not due to the shorter path length
leading to the fibers not aligning as the fiber orientation for the cPEEK filament is the highest
alignment among four specimens examined. Instead we attribute the lower orientation of the
carbon fibers within the stand-on build orientation specimen to the shear stresses experienced
during the printing process. The short road length in the stand-on build orientation leads to near
continuous changes in the shear rate as the print head initially accelerates as the road starts and
decelerates as the end of the road is approached. The reduced orientation in cases with signifiacnt
acceleration and deceleration is consistent with the challenges with orienting fibers in start-up and

other transient flows [71].
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Figure 11. pCT image (inset) with 700 nm resolution scan to determine the carbon fiber
orientation histograms for (a) flat build orientation, (b) edge-on build orientation, and (c) stand-on
build orientation specimen as printed. (d) The same analysis is applied to the cPEEK filament for

reference.

To provide a more quantitative comparison, Table 2 summarizes the Herman’s orientation factor
for the carbon fiber in the PEEK. 3D printing for all conditions examined leads to decreased
orientation of the carbon fibers. There is a significant decrease in the Herman’s orientation factor
from flat to edge-on to stand-on build orientation. Due to the high dielectric loss of carbon fiber,
the misalignment of carbon fibers can cause microwave deflection and reduction in the heating
efficiency [38, 72]. Additionally, the coupling of the microwave depends on the length of the
carbon fiber [73]. Due to the long relative wavelength of microwaves in comparison to the length
of the carbon fibers, orientated fibers that touch effectively increases the apparent carbon fiber

length to enhance the heating. For flat and edge-on build orientation specimens, the fibers tend to
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be mostly orientated in the same direction and a significant fraction of the fibers appear to be in
contact. This contrasts with the stand-on build orientation with less orientated carbon fibers, where
the effective length of a carbon fiber is not significantly increased. These differences in carbon
fiber morphology in the printed parts is consistent with both the decreased mechanical properties
(Figure 3) and porosity (Figure 8) with microwave post-processing with the stand-on orientation.
Similarly, the flat print orientation exhibits larger Herman’s orientation factors and leads to the
post pronounced decrease in crystallinity and crystal size. In addition to the original orientation
for the carbon fibers, the fiber orientation was also examined for the flat build orientation after
microwave post-processing. As shown in Table 2, the Herman’s orientation factor was not
systematically increased or decreased. As different specimens were examined, we are unable to
determine if there was a change in the orientation on microwave processing or if this was a result
of variability in the original printed structure. The later could explain the relatively large variance

in the tensile response in the microwave post-processed specimens.

Table 2. Summary of Herman’s orientation factor for different build orientation and microwave

condition.

) o Herman’s orientation
Processing condition

factor

cPEEK filament 0.925
Flat as-printed 0.847
Flat 100 W, 20 s 0.682
Flat 200 W, 10 s 0.886
Edge-on as-printed 0.697
Stand-on as-printed 0.274

These results demonstrate the importance of the orientation of the carbon fibers in the heating by
the microwaves, which leads to significant increases in the mechanical properties of the 3D printed

carbon-PEEK. Moreover, the largest increases in modulus and UTS tend to be found for specimens
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with larger increase in porosity, which is counter to established effect of voids on mechanical
performance [74]. Additionally, the crystallinity of PEEK is known to be directly correlated with
elastic modulus and UTS [55], but the crystallinity of the specimens is not increased on microwave
post-processing and decreases slightly in some cases. These results point to a re-crystallization
across the interface between printed roads as the origin of the increased mechanical performance

with the microwave post-processing.

4. CONCLUSIONS

Efficient coupling of microwaves by the carbon fibers in a PEEK composite enable the effective
post-processing of 3D printed carbon-PEEK composites to dramatically increase the mechanical
performance of the printed parts with commercial filaments, even in the absence of segregation of
the carbon fillers to the interfaces as has been used in prior works [23]. In this work, the printed
specimen can deform significantly or even degrade at high microwave power or long post
processing times, so knowledge of the appropriate processing window is critical to observe
improvements in performance. Short exposures (10-20 s) at 100 W or 200 W leads to 250-400%
increase in elastic modulus, irrespective of build orientation. Despite this large increase in
modulus, the average crystallinity does not increase, nor does the average crystal size from this
post processing. We attribute the improvement in mechanical properties to improvements between
adjacent printed roads from the microwave post processing, which allows for some relaxation of
chain orientation and formation of crystals across the interface. This work points to the importance
of understanding interfaces between printed roads. Future work will focus on more quantitatively
elucidating the local changes in crystal morphology to better understand how this local structure
controls the mechanical response in 3D printed parts. Unlike glassy polymers where reptation
across the interface has been deemed critical to strong interfaces [8, 62, 75], but is difficult to
experimentally observe [20], the crystal motifs provide readily observable morphological features
that can be quantitatively assessed [63, 76]. More generally, this simple post processing strategy
should be applicable to a variety of carbon filled composites based on semicrystalline polymers
that are commonly used in MatEx 3D printing to enable significant improvements in the
mechanical performance for additive manufacture with appropriate postprocessing conditions

based on microwave power and time.
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Appendix

A.l. Selection of microwave conditions

Figure S1. (a) The microwave oven used (BP-210, Microwave Research and Applications, Inc.).
Quartz tube is placed through the chamber and connected with inert gas channel. (b) Photo of a
tensile bar loaded within the quartz tube with the microwave door open.

(a) (b)
2100w 20s «— 200w 20s 2100w 20s
1000w 10s $+ 100w 40s

1000w 3s

500w 5s
400w 5s

="

Figure S2. (a) Carbon PEEK tensile bars under different microwave power and time combination.
(b) Close look on 2100w 20sec specimen within ceramic container. Specimen melted and degraded
after excessive energy input.
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A.2. Tensile properties
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Figure S3. Stress-strain curves for all specimens printed in flat build orientation for (a) as-printed
and microwave post-processing with (b) 100W for 20 s and (c) 200 W for 10 s. The different colors
represent different specimens with nominally identical processing.
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Figure S4. Stress-strain curves for all specimens printed in edge-on build orientation for (a) as-
printed and microwave post-processing with (b) 100W for 20 s and (c) 200 W for 10 s. The
different colors represent different specimens with nominally identical processing
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Figure S5. Stress-strain curves for all specimens printed in stand-on build orientation for (a) as-
printed and microwave post-processing with (b) 100W for 20 s and (c¢) 200 W for 10 s. The

different colors represent different specimens with nominally identical processing
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Figure S6. Degree of anisotropy of mechanical properties for additive manufactured carbon PEEK
before and after microwave annealing (a) edge-on orientation (b) stand-on orientation.
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A(%)yrs = UT Sfl .
a

Equations for calculating degree of anisotropy for Young’s modulus and strain at break. Note that
the value of mechanical properties of flat orientation at given post-processing conditions are used
as reference for calculating degree of anisotropy for these conditions.

A.3. PEEK crystallinity
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Figure S7. (a) 1% heating curve of cPEEK filament from different locations along the filament.
(Note: the heat of fusion listed includes the mass of PEEK and carbon). (b) Crystallinity of PEEK
for the corresponding filament segments. The crystallinity of the filament was 33.1 £ 0.7 %. The
crystallinity is calculated considering remove 10wt% carbon fiber content within thermogram. (c)

TGA decomposition analysis of cPEEK filament. The high char yield from PEEK prohibits direct
determination of the carbon loading from TGA.

Table S1. XRD summary of flat orientation as-printed sample.

20 FWHM d -Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.67 0.85 4.75 98.71
20.62 0.62 4.3 135.01 10.49
22.59 0.85 3.93 99.42
28.68 0.99 3.11 86.34

Table S2. XRD summary of flat orientation sample after 100 W, 20 s microwaves

20 FWHM d-Spacing (A) Scherrer particle size (A)  Average crystal size (nm)
18.69 1.05 4.74 80.06
20.64 1.37 4.23 61.65 8.40
22.66 1.17 3.92 72.36
28.74 0.70 3.10 122.12
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Table S3. XRD summary of flat orientation sample after 200 W, 10 s microwaves.

20 FWHM d-Spacing (A) Scherrer particle size (A)  Average crystal size (nm)
18.70 0.97 4.74 86.49
20.68 1.27 4.29 06.41 8.94
22.70 0.99 3.91 85.08
28.81 0.72 3.09 119.62

Table S4. XRD summary of edge-on orientation as-printed sample.

20 FWHM d-Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.69 1.41 4.74 59.64
20.67 1.27 4.29 66.27 7.60
22.56 1.25 3.94 67.61
28.79 0.77 3.10 110.66

Table S5. XRD summary of edge-on orientation sample after 100 W, 20 s microwaves.

20 FWHM d-Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.62 1.22 4.76 68.82
20.60 1.21 431 69.50 7.70
22.57 1.27 3.93 66.36
28.71 0.83 3.11 103.23

Table S6. XRD summary of edge-on orientation sample after 200 W, 10 s microwaves

26 FWHM d-Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.71 1.13 4.74 74.37
20.70 1.30 4.28 65.05 7.59
22.71 1.25 3.91 67.72
28.82 0.89 3.09 96.42
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Table S7. XRD summary of stand-on orientation as-printed sample.

20 FWHM d-Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.66 1.14 4.75 73.64
20.58 1.35 4.31 62.60 7.43
22.54 1.35 3.94 62.64
28.67 0.87 3.11 98.51

Table S8. XRD summary of stand-on orientation sample after 100 W, 20 s microwaves.

20 FWHM d-Spacing (A) Scherrer particle size (A) Average crystal size (nm)
18.55 1.97 4.78 42.59
20.38 1.04 4.35 81.10 6.37
22.23 2.02 3.99 41.77
28.52 0.96 3.13 89.45

Table S9. XRD summary of stand-on orientation sample after 200 W, 10 s microwaves.

20 FWHM Spacing d (A) Scherrer particle size (A)  Average crystalline size (nm)
18.56 1.40 4.78 59.98
19.94 0.79 4.45 106.77 7.46
21.99 2.83 4.04 29.91
28.52 0.84 3.13 101.65

41



0.5

—— cPEEK filament
|—— Flat as print

L Flat 100w
—~ 04 Flat 2000
3
=,
[
- \
[ 7 1
& Stand 100W
2 | Stand 200w
0
<

0.24

0.1 J; K/

phle N

500 1000 1500 2000 2500 3000 3500 4000

Wavelength (cm™)

Figure S8. FTIR spectra within gauge region of the tensile specimens for a variety of build
orientations and microwave post processing conditions. There are limited differences in the spectra
except in the case of the Flat specimen with 100 W microwave post processing where there is the

immergence of a broad peak between 3000-3500 cm-1, which is likely associated with formation

of hydroxyl moieties.
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A.4. Micro Voids and Carbon Fiber Orientation

(a) Flat as-print (b) Flat 100w, 20s () Flat 200w, 10s

(d)Edge-on as-print (e) Edge-on 100W, 20s (f) Edge-on 200V, 10s

(g) Stand-on as-print (i) stadn-on 200w, 10s (h) Stand-on 100W, 20s

Figure S9. uCT reconstruction of voids based on size and locations within define volume. (a) flat
as-print (b) flat 100W, 20s (c) flat 200W, 10s (d) edge-on as-print (e) edge-on 100W, 20s (f) edge-
on 200W, 10s (g) stand-on(h) stand-on 100W, 20s and (i) stand-on 200W, 10s

Figure S10. uCT analysis on single printing line alone the print direction. (a) the cross-section of
print line. (b) Reconstruction volume of the ROI for calculating fiber volume fraction percentage
and Herman’s factor. The calculation of carbon fiber weight fraction percentage assumed the
carbon fiber density is 1.79 g/cm?® and PEEK density is 1.32 g/cm? with volume fraction percentage
measured by uCT of 7.96% and 92.04%, respectively.
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