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ABSTRACT: Using a specially designed apparatus, which
collects simultaneous temperature and X-ray scattering data,
we performed in situ measurements of the filament during
MatEx 3D printing. The data show that the MatEx 3D
printing extrusion process provides sufficient shear to form
shish-kebab structures, which initially nucleate at the filament
surface and spread into the filament core. Time-resolved
measurements show that the kebab component near the
surface relaxes after deposition of the second filament and
enhances chain diffusion across the interface. SEM images
indicate near complete interfacial merging of the filaments,
which results in excellent mechanical properties.
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1. INTRODUCTION

Fused filament fabrication (“FFF”), currently known as
Material Extrusion (“MatEx”), is a common form of additive
manufacturing, or 3D printing technique, in which a
thermoplastic polymer is melted and extruded in specific
forms according to the user input file." In contrast to bulk
fabrication methods, the MatEx printing process occurs under
conditions that are far from equilibrium. In the MatEx process,
rather than being extruded or molded in a single operation,
structures are built by overlaying multiple layers extruded from
a hot moving nozzle. Hence, each layer is initially subjected to
high shear and heat as it emerges from the nozzle, and heated
again, in the absence of shear, as the nozzle returns to deposit
subsequent layers. Hence, the process imposes large thermal
and mechanical gradients, which fluctuate rapidly with the
movement of the nozzle, and can differ substantially between
layers, and even within a single layer, where bulk and surface
sections are subject to very different conditions. These factors
are especially important when printing with semicrystalline
thermoplastic polymers where they determine the crystal-
lization kinetics and the interfacial fusion between filaments,
which ultimately determine the mechanical integrity of the
printed structure.” " Because these factors are very difficult to
predict a priori, and in particular the differences between the
surface and the bulk properties, simultaneous in situ imaging of
both the thermal gradients and the X-ray scattering profiles
during the printing process is essential to understand the

structure property relationships of materials produced by this
technique.

Here, we describe a set of experiments using polypropylene,
a semicrystalline polymer with a high degree of crystallinity,
where thermal gradients were monitored using an infrared
camera while the crystallinity was mapped in situ using an X-
ray microbeam and performing WAXS/SAXS with microscale
spatial resolution.

It is well-known that shear influences polymer crystalliza-
tion.> Polypropylene is one of the most studied crystalline
polymers, where extensive research exists describing the unique
morphologies formed as result of applied strain, in comparison
to the quiescent condition.” In 1965, Peterlin wrote that plastic
deformation enhances crystallization.” The stretching caused
the randomly coiled polymer chains to be oriented. This
aligned state is preferable for crystallization not only because it
decreases the entropy, but also because it brings the chains to a
position from which their inclusion in crystalline structure will
not require too much rearrangement. Pennings et al. showed
how fibrous crystalline structure can be formed in a polymer
solution by crystallization under laminar flow stirring and
cooling conditions.” Keller et al. showed the steps through
which the shear enhances the formation of the crystalline
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Figure 1. (a) Setup of in situ WAXS and thermal imaging measurements in the beamline. (b) Printer in-line installation. (c,d) In situ WAXS
measurements were performed where the structures were irradiated at the position marked with a plus sign, +. The arrow in the inset marks the X-

ray beam. Filaments printed perpendicular to the X-ray beam (c) and parallel (d).

Figure 2. Setup of microbeam SAXS measurements.
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structures.'’”'” They introduced the term “row nucleated”
describing the first step in which small segments of the sheared
polymer made of oriented and stretched chains are the initial
nucleation sites. At the second step, these row nucleated sites
become connected by the oriented chains into longer fibrous
structures known as the “shishs”. At the final step, there is the
growth of the lamellar structures as disks in radial direction to
the shear direction. These disks, known as “kebabs”, have a fast
growth rate and can rotate in a direction radial to the shear
flow. They found that in all of these crystalline structures, the
“c” direction of the lamellar unit cell, which is also the polymer
chain axis, remains oriented parallel to the shear or flow
direction. Janeschitz-Kriegl et al. also showed that in shear-
induced crystallization first form thread-like nucleation sites
followed by crystallization in the lateral direction.'*”"?
Comprehensive studies on the shear effect on iPP morpho-
logical conformations were done by Kornfield et al.,'~"? Hsiao
et al,>'7'%2°722 and Marom et al,>****** who introduced
synchrotron X-ray scattering as a characterization method to
study in situ the effect of induced shear on the shish-kebab
formation in iPP and its orientation with the shear direction.
Here, we build on these seminal works, and apply the
principles toward understanding the internal structures formed
during MatEx printing, where polymer flow, shear, and
temperature are controlled by the moving nozzle and can
fluctuate rapidly with printing geometry. Because the environ-
ment during printing is far from equilibrium, these parameters
must be accurately measured to model the internal structures
and be able to predictably control their quality. We report on
the simultaneous use of thermal imaging together with
microbeam SAXS/WAXS X-ray scans of iPP filaments during
MatEx printing, where we can directly observe the crystal-
lization dynamics and fluctuations as the filaments are being
deposited to build the solid structures.

2. MATERIALS AND METHODS

2.1. Materials. Isotactic polypropylene (Mw,, = 250 000, Sigma-
Aldrich) pellets were used to produce the samples investigated.
Molded samples were produced by compression of the pellets in a
Carver hot press at 180 °C, between Kapton sheets, using a stainless-
steel mold. Filaments, 3 mm in diameter, were produced from the
same pellets, using a Filabot Extruder, with a cooled bed and collected
on a spool.

2.2. Methods. 2.2.1. Printing of iPP Samples. The samples were
printed using an Ultimaker Extended 2+ and LulzBot Mini printers.
Matlab was used to design the structures and converted into standard
G-code for printing. All samples were printed at a nozzle temperature
of 230 °C, bed temperature of 60 °C, infill density of 100%, and
printing speed of 20 mm/s.

2.2.2. Characterization of Printed Structures. Scanning electron
microscopy (SEM) was performed using a LEO1550 Zeiss micro-
scope. Cross-section samples for SEM imaging were prepared by cryo-
fracturing. Flexural modulii were measured to evaluate the mechanical
properties by three-point bending according to ASTM D790 using
DMA Q800, TA Instruments.

2.2.3. Time-Resolved In Situ Wide-Angle X-ray Scattering and
Infrared Thermal Imaging Measurements of MatEx Printing. An
open-walls “Lulzbot Mini” MatEx printer was placed in beamline 12-
BM at the Advanced Photon Source (APS) at Argonne National
Laboratory. Samples of dimension 2.5 X 15 X 20 mm? were printed in
beam, using a nozzle temperature of 230 °C, and the stage
temperature was 60 °C, where the thickness was chosen to enable
good transmittance and scattering of the X-rays. WAXS measurements
at the APS were performed with a beam energy of 16 keV, beam spot
size of 500 X 500 pm?, detector pixels size of 0.146 mm, and detector-
to-sample distance of 567 mm. An infrared thermal camera (FLIR,
A325sc) with frame rate of 60 Hz, pixel size of 100 pm, detector
resolution of 320 X 240, and spectral band of 7.5—13 pm was fixed to
monitor the temperature profile during printing of the samples
(Figure 1). The thermal imaging was analyzed using ResearchIR
software. For polypropylene, the transmission of infrared radiation
was calculated by P. T. Tsilingiris,”® and was found to be at least 40%
for films at approximately 0.20 mm, which corresponds roughly to the
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Figure 3. Setup of in situ X-ray microbeam scattering and thermal imaging measurements. Left: Printer installation in beamline (inset: schematic
description of measuring mode). Right: Zoomed-in view of measurements setup.
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Figure 4. Temperature profile at the measured location at the in situ 3D printing. 2D WAXS patterns with their 1D integrated curves

demonstrating the crystallinity evolution at the printed iPP.

radii of the printed filaments, and hence the infrared camera was able
to measure the temperatures at the filament core.

X-ray scattering was done in continuous mode of 2 s exposure time.
The thermal profile was imaged and recorded continuously. The
beam was located at a constant position on the printed sample, and
the scattering was measured while the sample was printed and layers
were being deposited. Analysis of the scattering data was done by
xPolar software.

2.2.4. “Interface-Core” Macrostructure Mapping Using Small-
Angle X-ray Scattering Microbeam. Measuring the radial variation in
printed filaments crystalline macrostructure was done using a
microbeam on beamline 18-ID (BioCAT) in the Advanced Photon
Source (APS) at Argonne National Laboratory. The microbeam spot
size was 2 X 20 ym* (v X h) with energy of 12 keV, detector pixels
size of 0.172 mm, and detector-to-sample distance of 2030 mm. The
samples were placed on a “U” shape metal holder mounted on a 1 gm
resolution motor. The setup is shown in Figure 2. Printed structures
made of two filaments were placed in a horizontal manner as the
beam scanned from the surface to the filaments core in steps of 2 ym.
The scanning method used with the beam over the filaments is
described in the schematic illustration in Figure 2. Analysis of the
scattering data was done by xPolar and MuscleX*® software.

2.2.5. Time-Resolved Small-\Wide-Angle X-ray Scattering and
Infrared Thermal Imaging Using Microbeam. To study the
morphological behavior of the printed filaments at the interface
between adjacent filaments and at the core, X-ray microbeam was
used in situ together with infrared thermal imaging (FLIR, A32Ssc).
Open-walls “Lulzbot Mini” MatEx printer was placed in beamline 12-
ID at the NSLS-2 Light Source at Brookhaven National Laboratory
(Figure 3). The beam energy was 16 keV with spot size of 2 X 25 ym?
(v X h). Three detectors were used to obtain a wide “q” range: small,
medium, and wide angle. The small-angle detector had pixel size of
0.172 mm, detector-to-sample distance of 8287 mm, and acquiring
frequency of 10 Hz. The medium range detector had pixel size of
0.109 mm, detector-to-sample distance of 795 mm, and acquiring

frequency of 1 Hz. The wide-angle detector had pixel size of 0.172
mm, detector-to-sample distance of 274 mm, and acquiring frequency
of 10 Hz. A rectangular shape was printed with dimensions of 2 X 20
X 2.5 mm. The printing was done at a nozzle temperature of 230 °C
and a stage temperature of 60 °C. The beam location was adjusted to
be at the middle height of the top deposited layer, that is, 0.25 mm
from the surface. The beam location was varied at step sizes of 0.05
mm on the lateral movement to have detailed information on the
morphological variation. The positional stability of the printer stage
was found to be adequate. The beam alignment was monitored before
and after each run and found to be stable during the data acquisition
time. A schematic description of the measurements mode appears in
the inset in Figure 3. Analysis of the scattering data was done by
xPolar software.

3. RESULTS AND DISCUSSION

3.1. Synchrotron X-ray Scattering. 3.1.1. In Situ WAXS
Measurements. We first measured the crystallization profiles,
as a function of time, in samples printed along either the short
or the long axis, as shown in Figure 1. The 3D printer was
placed in the beamline where the beam and the thermal
infrared camera were positioned as shown in Figure 1, which
enabled us to monitor in situ the evolution of the crystalline
structure and correlate it with the temperature profile
measured using a high-resolution infrared thermal camera.
The temperature profile at the beam spot (labeled with the +)
is plotted as a function of time in Figure 4 for samples printed
in both orientations. In both cases, the graph starts from 10 s
to eliminate imaging artifacts due to fluctuations caused by the
proximity of the printing nozzle to the measured point. From
the figure, we can see that the rate of cooling is significantly
faster for samples printed in the direction perpendicular to the
beam. The cooling rate of the structures involves a competition
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Figure 5. Short axis printed iPP structure: (a) optical image, (b,c) SEM images. Long axis printed iPP structure: (d) optical image, (e,f) SEM

images. (g) Flexural modulii by three-point bending.
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Figure 6. (a) SAXS 2D patterns of microbeam radial scan of iPP from interface to the core. (b) Azimuthal scan for kebab peak for the different
radial locations. (c) Azimuthal scan for shish peak for the different radial locations. (d) Corresponding integrated 1D curves for the SAXS 2D
patterns. (e) An illustration of structural changes at the interface between two adjacent filaments, showing the remaining aligned shish chains (in
green); the interdiffusing of unfolding kebab chains (in blue) and of amorphous chains by reptation (yellow).

between radiative heat loss from the filament surfaces with heat
input from the moving nozzle. Initially, the thermal profiles at
the “+” are dominated by the proximity of the nozzle. In the
parallel orientation, the nozzle moves along the filament axis
during deposition, crossing the measured spot only once per
deposited layer, while in the perpendicular orientation the
nozzle crosses five times during deposition of the same layer.
Hence, the temperature at the spot is higher. After about 12 s,
the thermal influence of the moving nozzle decreases and the
heat loss from the perpendicular orientation becomes higher
due to the larger exposed area. Hence, the rate of heat loss is
significantly faster in the perpendicular orientation than in the
parallel one. As compared to the WAXS scans, we find that the
onset of crystallization for the perpendicular orientation was
obtained at 121 °C, 42 s after initiating deposition of the

filament, and the crystallinity continued to increase, reaching it
maximum value 12 s later at a temperature of 109.3 °C. The
onset of crystallization in the sample printed in the parallel
occurred at the same temperature T = 120.0 °C, but this
temperature was reached 60 s from the deposition, and 20 s
later the sample reached a temperature of T = 107.5 °C. The
2D WAXS patterns obtained at different intervals are also
plotted in the figure. It should be noted that the azimuthal
scans of the 040 and 110 WAXS diffraction rings in Figure 4,
while showing a notably developed crystallinity, do not provide
evidence of preferential orientation, nor do they indicate the
existence of daughter lamellae, which are frequently identified
by the presence of near meridional 110 diffraction arcs.”® A
similar difference in the thermal profile was also reported

previously using a PLA filament.”” In that case, large
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differences in crystal structure were associated with the
different thermal profiles, where the samples printed in the
parallel orientation exhibited nearly 3 times the degree of
crystallinity and had superior mechanical properties, and where
it was argued that the longer cooling time also allowed polymer
chain migration across interfaces, strengthening the printed
product. In the case of iPP, although we can easily see that the
final degree of crystallization remains the same for both
orientations, in Figure 5 we show SEM images of flexural
modulii of the iPP samples printed in the two directions and
compared to molded sample, where we can see that no
difference with orientation is observed, and even more
importantly, no significant difference is observed between the
printed and molded samples. The mechanical properties of the
printed samples are determined by the ability of the filaments
to fuse, and hence the similarity between the molded and
printed samples indicates that nearly complete fusion has
occurred following printing.

As was discussed previously by Mcllroy et al,”® good
adhesion occurs when the polymer chains can diffuse between
the filament interfaces a distance of at least R,. In the case of
PLA, where the self-diffusion coefficient was measured as D =
40 x 107% cm?/s, we showed that this condition was met only
at elevated nozzle temperatures, where the sample temperature
was greater than the PLA melting temperature, T, = 150 °C.
To compare the two systems, we can also estimate the
interdiffusion distance, which occurs in the iPP MatEx
constructs after deposition of the filament. Gell et al. measured
the diffusion coefficient of polypropylene in its entangled melt
state using forward recoil spectroscopy.”” They fitted their
(T _  C(T-T)
() G+ (T-T)’
where at T,, C, = 6.64, C, = 130.4, and D = 5.1 X 107" cm?/s
for polypropylene of Mw 181 000, with the diffusion coeflicient
versus the molecular weight given by D = 1.6 X 107> M™%,
The diffusion coefficient as a function of temperature for the
iPP used in this work with Mw = 250 000 was estimated using
their work.”” Using the temperature profile shown in Figure 4,
we can then integrate to find the net diffusion length in the
relevant temperature range at the points shown for the
perpendicular and parallel orientation, to obtain 813 and 517
nm for the parallel and perpendicular orientations, respectively.
These values are much larger than R,, and hence complete
fusion is expected before the onset of crystallization. To
determine the spatial distribution of the crystallization once
cooling initiates, we used micrometer size X-ray beam analysis
to scan and map the morphological behavior in the deposited
and fused filament.

In the case of PLA, it was shown that interdiffusion was
determined by the migration time before the onset of
crystallization. In the case of iPP, the degree of crystallization
is much higher, and therefore to understand filament—filament
fusion, we used an X-ray microbeam to profile the filament,
before, during, and after printing.

3.1.2. Macrostructure Variation in the Printed Structure
Using Microbeam SAXS. To determine the nature of the
crystalline structure and its degree of uniformity across a single
filament, samples were first analyzed post printing using a
focused microbeam to detect spatial variation. Figure 6a shows
2D patterns of the SAXS scattering for iPP as a function of the
radial position in a printed structure. At the core, the iPP
exhibits a sharp, long equatorial streak and a circular lobe,
which is characteristic of the immature shish-kebab crystalline

results following the WLF equation:—log

structure. Shish-kebab structures were previously observed to
form in situ following the extrusion process in iPP,>****" and
were shown to be a result of chain stretching and orientation.
This finding indicates that the shear imposed by the nozzle in
the 3D MatEx printing process is sufficiently high to impose
the necessary chain stretching and orientation required for the
formation of the shish-kebabs.

From Figure 6, we also clearly see that the shish-kebab
structure is strongest at the core of the filament and weakens
toward the filament—filament interface. In Figure 6b and ¢, we
show the azimuthal scans of the kebab and the shish peaks,
respectively, for the three different locations, and in Figure 6d
we show the 1D integration curves of the 2D patterns from the
center line of the filament to the interface or the area near the
adjacent printed filament. From the figure, we can clearly see
that the degree of crystallinity and the kebab orientation are
highest at the core of the filament and gradually decrease
toward the interface region.

Because interdiffusion between filaments is hampered by
crystallization, its disappearance in the interfacial region
between filaments is advantageous, allowing longer times for
interface formation (as illustrated in Figure 6e), and may
explain the excellent fusion observed in the SEM images. The
existence of this effect though is surprising. Even though the
effect can be caused by differences in thermal conductivity,
where the interfacial region may cool faster, thermal measure-
ments show that gradients across a single filament are too small
to produce a significant effect on the time or rate of
crystallization, and hence explain these observations. We
therefore explored this effect in greater depth by performing
time-resolved measurements with a micrometer size X-ray
beam.

3.1.3. Time-Resolved Morphological Variance for Radial
Location at the Time of Printing. To better understand the
internal structures, which give rise to the large gradients in
crystallinity across the iPP filaments, the printing process was
monitored in situ using a micro X-ray beam focused at a
specific radial location, together with the infrared thermal
camera. In this manner, we were able to monitor the time
evolution of the internal crystalline morphology across the
filament as it is being printed. A cartoon showing the
geometrical configuration is shown in Figure 7 together with
the thermal image and plot of the temperature versus time in
the core and shell regions. From the figure, we can clearly see
that no significant difference exists in the thermal retention
between these two regions, as mentioned previously. In Figure
8, we show the SAXS patterns. The spectra from three regions,
the inner filament core, the shell at the filament surface and
interface with the next filament, and a region close to the shell,
are shown, but not directly at the interface. From the figure, we
can see a clear kebab circular lobe forms first in the SAXS
spectrum only at the surface after 12 s from the start of the
filament printing. The intensity of the peak increases at 16 s,
when faint peaks first appear in the mid and core regions. At 18
s, the peaks in the core and mid sections intensify, while the
peak in the shell area weakens. After 30 s, the peak at the core
is very intense, the peak in the intermediate region is weaker,
and the peak at the filament—filament interface is weakest. The
meridional peak appears earliest as well at the shell region,
followed by the appearance in the midsection and last in the
core. This peak, which corresponds to the shish component,
appears to have higher stability against dissolution in time.
From the thermal images, we find that the core and outer
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Figure 7. Top: Temperature profiles obtained at the core of a single
filament and at the interface between two filaments. Bottom:
Schematic description of the filament structures and the position
(marked with “X”) where X-ray scattering measurements were
obtained using the X-ray microbeam.

regions cool at nearly the same rate and hence do not differ
significantly in thermal retention, and hence this effect can not
be responsible for the differences in crystallization. In fact, as
expected, the appearance of the shish-kebab structure occurs
first in the shell, where the shear from the nozzle is largest. The
orientation is propagated toward the core, which is crystallizing
at a slower rate. Yet, in contrast to extrusion of a single
filament, something happens to the filament near the interface
with the adjacent filament to destabilize the crystalline
structures that were just formed. This type of behavior appears

to be unique to 3D printing and is very different from the
single filament extrusion geometries reported in the literature
where the shish-kebab orientation was studied. In 3D printing,
the nozzle extrudes filaments, while at the same time producing
filament—filament interfaces. Hence, two competing effects act
on the filament, initially enhanced crystallization and
orientation, which nucleates the shish-kebab structure at the
nozzle interface where the shear is highest. The crystalline
orientation then propagates more slowly into the interior of the
filament. Yet, at the same time, the nozzle also deposits a
second filament, which creates an interfacial region with
additional free volume that does not exist in the interior. This
promotes chain relaxation, and because the temperature
isabove T, for iPP, the chains are very mobile. The mass
flow between the adjacent filaments provides a powerful
diffusive field, which is enhanced by relaxation of the chains
across the interface, unravelling the shish-kebab structures, as
shown in Figure 8. In this figure, it is further postulated that
the kebab structures are easier to unravel because they are
already oriented perpendicular to the interfaces. The shish
component is extended parallel to the interface, and hence
more difficult to unravel and orient, as evidenced by the greater
stability of the azimuthal component in the SAXS spectra.

In Figures 9 and 10, we show the time-resolved X-ray
scattering patterns from the medium-angle (MAXS) and wide-
angle (WAXS) detectors. In this case as well, we first find the
appearance of crystalline peaks after 12 s at the interfacial
region corresponding to the alpha crystalline phase. The peaks
are visible in both WAXS and MAXS spectra, but with
increasing time, starting at 16 s the intensity weakens while the
intensity of the MAXS and WAXS peaks from the core appear
and continue to grow such that at 30 s, very strong well-
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Figure 8. Small-angle X-ray scattering (SAXS) 2D patterns of iPP and the correlated 1D curves as a function of time and radial location.
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Figure 10. Wide-angle X-ray scattering (WAXS) 2D patterns and the correlated 1D curves as a function of time and radial location.

defined peaks are established in the core, and only a very faint structure also unravels, a fact that is consistent with chain
record of the initial peaks in the interfacial regions remains. relaxation and possible interfacial diffusion. This behavior is
This behavior is consistent with the SAXS spectra described also consistent with the inter filament fusion shown in in the
previously. The data show that the crystalline structure, mostly SEM images above, where, in contrast to PLA, the interfacial
in the kebab features, unravels in time, but not just at the regions between filaments have disappeared. In Figure 5, we

lamellar region. These data show that the interchain oriented show three-point bending measurements of the flexural
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modulii of samples printed in two orientations and molded
from virgin polymers. Previously we had shown that for PLA,
differences in thermal retention produced large differences in
interfilaments fusion, which were then correlated with poor
mechanical performance of the printed structures. Here, we
find no significant difference between printed structures,
regardless of the printing direction, and molded structures,
consistent with complete interdiffusion of filaments. Unusual
enhancement of the flexural modulii of iPP extruded sheets was
also recently reported by Mi et al.”* They found that building
iPP structures via multiple extrusion passes supported on a
molded core produced sheets that were much stronger than
those extruded or molded in a single pass. SAXS spectra
indicated that, while the molded core has standard iPP lamellar
spherulites, extrusion caused shish-kebab structures to form on
the extruded layers, and SEM images indicated very good
fusion between layers. We hypothesize, therefore, that this
phenomenon may be of a general nature. Further analysis of
the sheets with X-ray microbeams may reveal similar
dissociation of the kebabs at the interface, resulting in
interfacial fusion similar to that produced in MatEx printing.

4. CONCLUSIONS

We have designed an apparatus, which can be placed directly
in an X-ray scattering beamline to simultaneously measure
temperature, and SAXS, MAXS, and WAXS spectra with
micrometer resolution in situ during MatEx 3D printing. We
show how the technique allows us to profile the internal
structures of filaments while they are being deposited, and
correlate the results with subsequent mechanical measure-
ments. The apparatus was applied to structures printed with
isotactic polypropylene, where we found that the high shear of
the nozzle resulted in the formation of shish-kebab structures
in the filaments after extrusion. The nature of the equilibrium
and the time-resolved structures depended on the location of
the filament and varied greatly between the core and the
interfacial region. X-ray data showed that the shish-kebab
structures nucleated first at the surface (shell) of the filaments
and propagated inward toward the core. When the second
filament was printed, chain relaxation and diffusion occurred
across the interface, resulting in nearly complete fusion of the
filaments. Three-point-bending measurements of the flexural
modulii indicated that there was no significant difference
between molded and printed samples, consistent with SEM
images of cryo-fractured sample surfaces.
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