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ABSTRACT: In situ wide-angle X-ray scattering together with
infrared imaging was performed during three-dimensional
material extrusion printing and correlated with the develop-
ment of the crystalline structure and subsequent thermome-
chanical properties. Identical samples were printed with nozzle
motion either along the short axis or the long axis. The short
axis mode had higher thermal retention, which resulted in later
onset of crystal structure. The longer time spent at temper-
atures between the glass transition and the melting point
produced samples with higher degree of crystallinity but also
significantly increased brittleness. The tracer diffusion coefficient D(T), together with its temperature dependence, was
measured using neutron reflectivity, and the total interdiffusion length between filaments was then calculated using D(T) for
each temperature point, as determined by the measured thermal profiles. This allowed us to define the time/temperature plane
that yielded the minimum diffusion length ΔL that provides mechanical integrity of the printed features (ΔL less than the radius
of gyration of the poly(L-lactide)). The model was probed by printing structures at four nozzle temperatures and measuring the
time dependence of the thermal profiles at filaments in the horizontal and vertical positions. The data indicated that the thermal
retention was anisotropic, where higher values were obtained in the horizontal plane. Mechanical measurements indicated large
differential increases in the torsional strength, corresponding to the direction with increased thermal retention.
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■ INTRODUCTION

Additive manufacturing, also known as 3D printing (3D =
three-dimensional), is a widespread manufacturing technique
being used in many industrial and academic areas.1−4 3D
printing is a cost-effective technique in which one can make
specific desired designs or products without the cost of molds
preparation and materials excess. In 1992 S. S. Crump, founder
of Stratasys Inc., developed the printing method of fused
deposition modeling, which was recently named material
extrusion (MatEx), in which thermoplastic polymer is being
melted and extruded in certain shapes according to the user
input file.5 Since then, the MatEx printing method has become
very common and popular due to its simplicity and relatively
low cost.
The process of MatEx printing is rapid and occurs in

nonequilibrium conditions. As such, to maintain high quality of

products, all process aspects need to be studied in detail to be
optimized. One of the main and crucial aspects is the fusion
(“welding”) dynamics between the deposited thermoplastic
filaments. Fusion determines the interfacial characteristics
between filaments and is directly correlated with the quality of
the printed products and their mechanical properties. The
fusion between filaments is controlled by polymer chain
dynamics, which in turn is controlled by multiple factors such
as temperature, glass transition (Tg), melting point (Tm),
crystallinity, printing speed, and molecular weight. In contrast
to bulk properties, this process is much harder to monitor,
since it happens in rapid, nonequilibrium conditions on
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micrometers to nanometers scale. Several groups studied
fusion phenomena in thermoplastic polymers processing. Yang
et al. first presented a model for thermoplastic welding under
non-isothermal conditions,6 where they concluded that
maximal strength is achieved when a polymer chain reptates
fully from its original “tube” in a time, t ≈ (1/T)4, known as
the welding time, where T is the welding process temperature.
Building on these concepts, C. McIlroy et al. presented a
comprehensive theoretical model, which included the influence
of temperature gradients, asymmetric deformation of the
filaments under shear, as well a combination of Rouse and
reptation dynamics, from which they concluded that the
temperature profile generated during printing was key to
establishment of the interface.7 Q. Sun et al. was one of the
first groups to measure the temperature profiles of extruded
filaments.8 They placed thermocouples on the nozzle next to
the filament exit and below the printed shape in the printer
base to determine the effects of the process parameters on the
filament bonding. More recently J. Seppala et al. demonstrated
the power of infrared spectroscopy to monitor spatial changes
in the thermal profiles generated by the nozzle during MatEx
printing as the polymer was deposited layer by layer.9 N. G.
Morales et al. studied the effect of temperature and cooling
rate on the adhesion between deposited layers of acrylonitrile
butadiene styrene (ABS) by adjusting the time frames between
the depositions.10 They showed the crucial effect of fast
cooling on the decreasing adhesion between layers. C. Y. Lee
et al. investigated the effect of the fan cooling on poly(L-
lactide) (PLA) printing process for different printing
configurations.11 They demonstrated how the air flow, which
affects the temperature at the nozzle area, can lead to higher
printed shape quality when it is increased but reduces
mechanical properties at the same time due to lower bonding
between adjacent deposited filaments. They also show by
infrared thermal imaging the higher temperature in a sample
printed in short axis configuration.
These theoretical and experimental studies emphasized the

importance of interfacial structure in determining the integrity
of the printed structures. Several groups, therefore, intention-
ally modified the interfaces, including P. Levenhagen et al.,
who added a lower molecular weight fraction and demon-
strated enhanced mechanical properties, which they attributed
to faster migration of the lower molecular weight fraction to
the interfaces.12 A similar idea was also the basis of the core−
shell filaments printed by F. Peng et al., where the outer
filament was an elastomer with lower Tg and hence would
diffuse faster.13

In this manuscript we focus on studying the in situ
development of the crystalline structure and its dependence
on the thermal profile. Crystalllinity is known to be an
important factor affecting the interfacial structure, which can
also have a profound effect on the interdiffusion at the filament
interfaces. The crystal structures at the interface are much
harder to predict, since they depend on the internal
temperature, the temperature graidents, and the degree of
crystallinity and orientation. To image the onset of crystalinity
during the printing process we designed an open-structured
printer, which could fit directly onto a synchrotron beam, and
where the interfacial region could be simultaneously analyzed
using X-ray scattering and infrared spectroscopy. Using this
geometry we were able to accurately record the trasient
thermal gradients, which are set up and dissipated during
printing. In addition, as emphasized in a recent review by J. R.

C. Dizon et al.,14 multiple other factors such as printing
orientaton and printing speed can influence the thermal profile.
Here we show how the ability to record them simultaneously
with data from X-ray scattering can reveal the corresponding
crystalline orientation and hence the internal structure.
Furthermore, since the degree of crystallinity for PLA is
relatively small, we also utilized the thermal map, following the
model of McIlroy et al.7 to extract a diffusion length, and
probed the extent to which interpenetration by at least a radius
of gyration, Rg, factored into the final mechanical performance
of the printed samples.

■ EXPERIMENTAL SECTION
Materials. PLA 4043D, average molecular weight, Mn = 67 kDa

and polydispersity index (PDI) = 2.2 (measured by gas-phase
chromatography (GPC)15) was purchased from NatureWorks LLC.
Filaments (3.0 mm) for 3D MatEx printing were purchased from
Matterhackers. Natural PLA grade was selected, which is based on the
NatureWorks 4043D material and has similar viscosity [Figure S1,
Supporting Information]. Silicon wafers, 5 mm thick, 7.5 cm in
diameter, [1,0,0] orientation, single-side polished, were purchased
from Wafer World. Polymer solutions for spin-casting thin films were
made with Chloroform (Fisher Chemical, 99.9% purity).

Methods. MatEx Printing. Two MatEx printers were used. An
Ultimaker Extended 2+ printer was used for ex situ printing using a
0.4 mm nozzle at a printing speed of 20 mm/s, which is a commonly
used speed and was found optimized for the process. For experiments
probing the effect of temperature, the nozzle temperature (Tn) was
varied from 200 to 245 °C, while the bed was kept at room
temperature. A Lulzbot Mini printer was used for the in situ
measurements using a 0.5 mm nozzle with nozzle temperature of 230
°C and bed temperature of 60 °C at a printing speed of 20 mm/s.

The codes used to print the structures in this work were created by
Matlab software and transformed into standard G-code for MatEx
printing. The gap was adjusted for printing between the filaments to
0.4 mm to have 100% infill density.

The dimensions of the printed shapes were 2.5 × 15 × 200 mm3,
where the thickness was chosen to enable good transmittance and
scattering of the X-rays. The shapes were printed using two
orientations as shown in Figure 1. Figure 1a shows the sample

where the shape was built by moving the print head along the long
direction of the sample, and the motion of the head was perpendicular
to the beam direction (marked with the arrow and the (+)), while
Figure 1b shows the shape printed along the short direction of the
sample, where the print head motion was parallel to the beam
direction.

Figure 1. Two modes that were used for printing the structures
relative to the X-ray beam direction. In situ WAXS measurements
were performed where the structures were irradiated at the position
marked with a plus sign (+). (a) Perpendicular orientation to beam.
(b) Parallel orientation to beam.
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Wide-Angle X-ray Scattering (WAXS) of Single PLA Filaments.
WAXS patterns of single PLA filaments were obtained on beamline
12BM at the Advanced Photon Source (APS) at Argonne National
Laboratory. The beam energy was 14 keV with spot size of 500 μm,
detector pixels size of 0.146 mm, and detector-to-sample distance of
243 mm.
In Situ WAXS and Thermal Imaging Measurements of Printing

Process. Open-walls Lulzbot Mini MatEx printer was placed in
beamline 12BM at the APS at Argonne National Laboratory. The
beam energy was 16 keV with spot size of 500 μm, detector pixels size
of 0.146 mm, and detector-to-sample distance of 567 mm. IR thermal
camera (FLIR, A325sc) was fixed to monitor the temperature profile
in the printed sample (Figure 2). X-ray scattering was done in two
second intervals, and the scattering pattern represents the average of
these two seconds.
Thermal imaging was recorded continuously. The beam location

was fixed on the same position in the printed structure, and the
scattering was measured while the printing was in process and layers
were being deposited above. The impact on the temperature profiles
by X-ray beam-induced thermal heating was investigated and found to
be negligible [Figure S2, Supporting Information]. Analysis of the
scattering data was done by xPolar software.
Neutron Reflectivity Measurements. Neutron reflectivity was used

to measure the interdiffusion as a function of temperature. The
experiments were done on the horizontal reflectometer at beamline
NG7 with neutron wavelength of 0.475 nm at the National Institute
for Standards and Technology (NIST), Center for Neutron Research
(NCNR).
Sample Preparation for Neutron Reflectivity. Silicon wafers, 5

mm thick, were first cleaned of organic matter by boiling in a solution
of 1:1:3 ammonium hydroxide, hydrogen peroxide, and deionized
(DI) water for 15 min, followed by boiling for another 15 min in a
solution of 1:1:3 sulfuric acid, hydrogen peroxide, and DI water, and
rinsing in DI water. To remove the native oxide layer, the wafers were
then hydrogen passivated by dipping in a 5% HF/DI water solution,
followed by rinsing in DI water. A solution in chloroform of 90 wt %
PLA, (NatureWorks 4043D), 10 wt % hydrogenated (H) poly(methyl
methacrylate) (PMMA) (Mw: 50 600, PDI: 1.02, Polymer Source)
was spun cast on the HF etched wafers at a speed of 3000 rpm. To
remove solvent and relax tensions within the films, they were annealed
at 120 °C for 2 h in vacuum. Another chloroform solution of 90 wt %
PLA and 10 wt % deuterated (D) PMMA (Mw: 76 300 PDI: 1.09,
Polymer Source) was spun cast on other HF etched wafer. Bilayer
structures were fabricated by floating the D-PMMA/PLA film on the
surface of a DI water bath and depositing it in a slow and controlled
manner on the spun cast H-PMMA film. The bilayer samples were
then dried in vacuum at room temperature for 24 h.
Bilayer samples of PLA/PMMA:PLA/D-PMMA were annealed for

short times to simulate the diffusion of PLA in the printing process.
The temperatures for annealing were chosen according to the thermal
analysis result to be 140 °C, which is below the melting point but
higher than the glass transition, 170 °C, which is above the melting
point, and 200 °C, which is much above the melting point and closer
to the measured polymer temperature at the exit of the nozzle.

The data were reduced by the “Reducts” and analyzed by neutron
reflectivity web calculator16 from the Center for Neutron Research at
NIST and fitted using Matlab to a Fickian diffusion function to
calculate the diffusion coefficients.

Temperature Profiles in the Extrusion and Printing Processes.
Two setups were employed to measure the temperature profiles, using
a high-resolution infrared thermal camera (FLIR, A325sc). A simple
setup, involving a typical printer nozzle and filament roll, was used to
determine the temperature profiles of the filament as it was being
extruded as a function of the extrusion rate, nozzle diameter, and
nozzle temperature (Figures S3−S5, Supporting Information). A
second setup was assembled, where the thermal camera imaged the
entire length of the nozzle travel of either the Ultimaker or the
Lulzibot printers corresponding to an area encompassing four
filaments. In this manner, fusion between filaments and the two-
dimensional (2D) conduction pathway of the nozzle heat could be
imaged.

Thermomechanical and SEM Characterization. Thermal analysis
of the PLA was performed by the method of differential scanning
calorimetry (DSC) with a heating rate of 10 °C/min (Q2000 TA
Instruments). The thermal analysis results showed a glass transition
temperature Tg = 60 °C and a melting temperature Tm = 150 °C
(Figure S6, Supporting Information).

Torsion dynamic mechanical analysis (DMA) was performed in the
Oscillation Amplitude mode at a frequency of 1 Hz, strain of 0.01−
20%, and at a temperature of 100 °C on a DHR-2 rheometer (TA
Instruments).

Thermal imaging was performed using a FLIR IR A325sc thermal
camera with an imaging rate of 60 frames/sec and pixel size of 100
μm. Scanning electron microscopy (SEM) was performed using an
LEO1550 Zeiss microscope. Cross-section samples for SEM imaging
were prepared by cutting with an ultramicrotome to prevent flow of
the polymer chains and to preserve the inner printed morphology.

■ RESULTS AND DISCUSSION
Evolution of Crystallinity during Printing. Wide-Angle

X-ray Scattering of Single Filaments. We first characterized
the commercial PLA filament, as received, before heating or
extrusion from the printer nozzle. The WAXS spectra are
shown in Figure S7 (Supporting Information), from which we
can see that the as-received filament is amorphous, in
agreement with the DSC data, which indicated a degree of
crystallinity below 0.1%.

In Situ Simultaneous Wide-Angle X-ray Scattering
(WAXS) with Thermal Imaging. To see the evolution of the
crystalline structure together with the temperature dissipation
during the MatEx printing process, simultaneous WAXS and
thermal infrared spectra were obtained while the printer was in
operation, and the results correlated with other material
properties obtained with complementary imaging techniques.
Two identical rectangular structures, 2.5 mm thick, 15 mm
wide, and 200 mm high, were printed with the same printing

Figure 2. In situ experimental configuration for simultaneous WAXS analysis and thermal analysis of the 3D printing process. (a) Enlarged image
showing placement of the IR thermal imaging camera and the X-ray detection system. (b) Placement of the printer relative to the beamline.
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speed. As shown in Figure 1, one structure was built up with
the nozzle traveling along the short axis, parallel to the X-ray
beam, and a second structure was built with the nozzle
traveling along the long axis, perpendicular to the X-ray beam
direction. An expanded view of two types of structures are
illustrated in Figure 3a, where the large (+) marks the position
of the beam, and the arrow is along the beam direction.
The infrared camera was focused to image the entire

printing area. A typical thermal image of the nozzle and the
extruding filament for both orientations is shown in Figure 3b.
In Figure 3c we plot the temperature profiles measured on the
spot, designated by the (+) in Figure 3a, for printing in the two
directions, after an initial three layers were printed to ensure
the printing process had stabilized.
From the figure we see that cooling occurs exponentially

with time for both orientations, reaching below the melting
point, Tm ≈ 150 °C, within seconds. Initially the parallel
orientation is observed to cool faster than the perpendicular
orientation, which can be explained in terms of the proximity
of the nozzle to the point of interest, (+). After ∼35 s, the
curves cross over, with the parallel structure cooling at a
significantly slower rate. The cooling rate of the structures
involves a competition 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
parallel orientation the nozzle crosses five times during
deposition of the same layer. Hence the temperature at the
spot is higher. After ∼30 s, seven layers were deposited above
the observation point, moving the nozzle further away such
that its thermal influence 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. From
the figure we can see that the temperature in the perpendicular
orientation dips below the glass transition, Tg = 60 °C, within
the next 2 min, while the temperature in the parallel
orientation remains above Tg, for at least the next 3 min,
allowing more time for crystallization to occur.
The WAXS spectra corresponding to the position designated

with the (+) on both structures taken as a function of time
during the printing process are shown in Figure 4a. From the
figure we can see that initially the polymer is amorphous for
both orientations. Two rings corresponding to the (200/110)
and (203) planes of PLA α-phase17,18 begin to appear
indicating onset of crystallization. The peaks become sharper
with increasing time, as the polymer continues to crystallize
and the degree of crystallinity increases. The rings appear when
the temperature is ∼120 °C, which occurs after only 70 s for
perpendicular orientation and 96 s for the parallel orientation.
In Figure 4b we plot a one-dimensional (1D) cross section of
the 2D patterns, where we can see the amplitude of the two
peaks corresponding to the crystallinity grows with increasing
time. Fitting the peaks and integrating by using xPolar analysis
software we can estimate the change in degree of crystallinity
with time, which is plotted in Figure 4c. From the figure we
can see that the perpendicular orientation reaches a plateau at
∼1.5%, while the parallel orientation achieves a value of 4.2%
and is still increasing after 160 s. Analysis of the crystallization
curves shows a simple relationship between the two
orientations, where the larger overall heat retention, which
occurs when the printing along the short axis orientation,
delays the time for the onset of crystallization, but
crystallization occurs at higher temperatures and for longer
times, resulting in a significantly higher degree of crystal-
lization.

Rheological Response. In Figure 5 we plot the modulus as a
function of radial strain, where we can see that the sample

Figure 3. (a) Schematic illustration of the two printing orientations relative to the beam direction. (b) Typical thermal images of in situ printing
process and sketches of the filaments−X-ray beam interaction: (left) parallel to beam and (right) perpendicular to beam. (c) Temperature change
as a function of the printing orientation.
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printed along the parallel orientation is fairly insensitive to
strain, while the sample printed in the perpendicular
orientation undergoes strain hardening, asymptotically reach-
ing the modulus of the parallel sample, as the higher
temperatures allow for longer periods for stress relaxation
induced by the crystallization process. The lack of strain
hardening observed in these samples is also consistent with
fewer defects in the material and increased ductility.19,20 On
the one hand, the inset shows the modulii at zero strain was
nearly 4 times higher for the samples printed along the parallel
orientation relative to the samples printed along the

perpendicular orientation. On the other hand, the parallel
sample breaks or delaminates at one-tenth of the strain that
causes delamination of the perpendicular sample. This is
consistent with increased crystallinity of the parallel sample,
which increases the modulus, but it can also decrease ductility.
The perpendicular sample though can withstand an order of
magnitude larger strain, since as previously observed by
multiple groups,21−24 when the stress is applied along the
filament direction the structure is much more resistant to
delamination, as the force is absorbed by the filament. When
the strain is applied along the interface between layers,
delamination occurs easily.

Dependence of Filament Fusion on Nozzle Temper-
ature. Estimation of Diffusion Coefficient. The improved
mechanical properties observed in the parallel orientation may
also be due to improved interpenetration between filaments.
To achieve proper welding, polymer chains must diffuse and
entangle with other chains at the filament interfaces.
Entanglements are established when the chain emerges from
its tube, reptating a distance equivalent to its radius of gyration
Rg,7,25 which for PLA of Mn = 60 000 was measured to be Rg
≈ 30 nm.26

In the case of crystalline polymers, the onset of crystalline
organization at T < Tm, even for temperatures above Tg, will
hinder interpenetration of chains across interfaces. Since the
degree of crystallinity for the PLA filaments used here is
relatively low (less than 5%) significant interdiffusion can
occur in the interval Tn > T > Tg. During printing with fused
filament fabrication, the temperature at the interfaces is
continuously changing, and hence to determine the inter-
penetration depth between filaments, both the temperature-
dependent self-diffusion coefficient and the time-dependent
spatially resolved thermal profile must be determined.
The self-diffusion coefficient in a polymer melt can be

measured using neutron reflectivity, where the interfacial
broadening between two segments of a polymer bilayer films is
measured as a function of time and temperature.27 Deuteration
of a small fraction of the chains is usually employed to obtain
contrast for neutron scattering. Deuterated PLA chains though
are very difficult to obtain. We therefore chose to use tracer
amounts of PMMA, whose molecular weight and viscosity
were similar to that of the PLA [Figure S8, Supporting
Information], and since PMMA is completely miscible in PLA,
no agglomeration would occur.28 Bilayer samples were made,
where the top and bottom layers were composed of PLA films
containing 10% deuterated and hydrogenated PMMA,
respectively. Neutron reflectivity was then used to measure
the interfacial broadening between samples annealed at
different temperatures [Figure 6a−c]. Three time points
were collected at each temperature, and the interfacial width
was plotted versus the square root of the time, t1/2, as shown in
Figure 6d. The tracer diffusion coefficient D was then obtained
at each temperature using the relationship for the penetration
depth ΔX for Fickian diffusion.

Δ =X Dt4 (1)

The diffusion coefficients D(T) are tabulated in Table S1
[Supporting Information] as a function of temperature, where
the data was fit to the Williams−Landel−Ferry (WLF) general
equation for polymers diffusion,17 where A and C are general
parameters describing the materials properties of the material.

≈ + −D T C A T Tgln ( ) ( ) (2)

Figure 4. (a) 2D WAXS patterns obtained as a function of time from
the location marked with the (+) in Figure 1 above, at the positions
(top) parallel to beam and (bottom) perpendicular to beam. (b)
Evolution of the crystalline structure in 1D sections corresponding to
the 2D images from Figure 1a (left) parallel to beam and (right)
perpendicular to beam. (c) Percentage of crystallinity in the samples,
as a function of time, calculated from the WAXS curves in Figure 1b
in the parallel (▲) and perpendicular (■) orientations.

Figure 5. Storage modulus vs applied radial strain for samples printed
in the parallel and perpendicular orientations. Arrows mark the break
points for each sample. (inset) Zero shear modulus for samples
printed in the two orientations.
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where Tg = 60 °C, to obtain the following equation for the
tracer diffusion in our system:

≈ − + −D T T Tgln ( ) 43.7 0.071( ) (3)

Substituting the expression for D(T) back into eq 1 we get a
general equation for diffusion length as a function of time and
temperature.

Δ = × −X T t e t( , ) 4 10 ( )T19 0.071
(4)

ΔX(T,t) is plotted as a function of annealing time and
temperature in Figure 7, together with the horizontal plane

corresponding to Rg. To achieve adequate strength within a
printed material the interdiffusion distance between filaments
should be at least Rg, for entanglements to be established
between adjacent filaments. From the position of the plane
corresponding to Rg we can see that sample temperatures in
excess of 200 °C, for time intervals that are temperature-
dependent, are required to diffuse a distance of Rg before
cooling of the sample has occurred. Therefore, the actual
diffusion of chains during the printing process occurs mostly in
the temperature interval between the nozzle temperature, T1 =
Tn, and the glass transition, T2 = Tg, where chain motion is
arrested. The total diffusion length L becomes a discrete sum

of the distance traveled ΔXi(Ti, t), L = ∑T1
T2

ΔXi, in constant
time intervals, where the temperature at a given time following
the onset of the printing is determined from the actual profiles
measured during the printing process, which related the
temperature and the time.

The Dependence of Filament Fusion on Nozzle Temper-
ature. To determine the influence of the nozzle temperature
and printing orientation on filament fusion, a construct was
printed along the short orientation, with dimensions of 30 × 7
mm2 and a thickness of 1.5 mm using four different nozzle
temperatures. The temperature dissipation profile was then
recorded as a function of time at the location of the adjacent
filaments in the vertical and horizontal directions, as illustrated
in Figure 8a. A typical thermal image is presented in Figure 8a.
The distribution of temperatures across the four filament
regions was then recorded as a function of time for different
nozzle temperatures. The temperature profiles between
adjacent horizontal and vertical filaments are plotted in Figure
8b,d as a function of time, from which we can see that a rapid
decrease in temperature occurs within fractions of a second.
The rate of decrease though varies significantly with filament
position (horizontal or vertical) and nozzle temperature. The
solid lines in the figure are fits to the data with an exponential
function, T(t) = ae−bt + c, where the coefficients a, b, and c are
tabulated for each nozzle temperature and orientation in Table
S2 (Supporting Information). Using these profiles, together
with the neutron reflectivity results (Figure 6b and Table S1),
we can now calculate D(T) and substitute into the expression
of ΔX, integrated over time intervals of 1/60 of a second
(limited by the infrared instrumental resolution). The total
diffusion length is then obtained by summation of ΔX within
the temperature interval, Tn > T > Tg, where chain diffusion is
assumed to be insignificant below Tg. The values of ΔL for the
horizontal and vertical positions are plotted for each nozzle
temperature in Figure 8c, together with Rg for PLA ≈ 30 nm.26

From the figure we can see that the interdiffusion in the
horizontal direction is on the order of Rg or higher when the
nozzle temperature exceeds 215 °C, while the interdiffusion in
the vertical direction approaches closer to Rg only at a nozzle
temperature of 245 °C. Hence the printed structures achieve a
sheetlike consistency, where delamination can occur along
planes parallel to the surface at 215 °C < T < 245 °C.
The internal structure of the samples is also reflected in the

mechanical properties. Torsional DMA was applied to the
samples printed at different nozzle temperatures to exper-
imentally examine the interdiffusion and the estimated
diffusion coefficients. The modulii were measured as a function
of radial strain amplitude (Figure 9a), where the maximal

Figure 6. Representative neutron reflectivity: scattering intensity vs Q for as-cast films (gold) and annealed films (blue) and the scattering length
density used to fit the data from both as-cast and annealed samples. (a) 140 °C for 5 min. (b) 170 °C for 1 min. (c) 200 °C for 1 min. (d)
Interlayer diffusion ΔX vs t1/2 at 140, 170, and 200 °C. (inset) Temperature dependence of the diffusion coefficients. Solid line: least-square fit to
WLF equation.

Figure 7. Diffusion length as a function of time and temperature for
PLA calculated from eq 4. The plane at Rg = 30 nm marks the
diffusion length required to entangle across the interface.
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values are plotted in Figure 9b. From the figure we can see
that, even though the strain at break is similar for all samples,
the storage modulii increase with increasing nozzle temper-
ature. In Figure 9c we plot the differential increase in the
modulii between samples printed with increasing nozzle
temperature. From the figure we see that the largest differential
occurs between the samples printed at 200 and 215 °C. In this
case the internal structure change goes from completely
unconnected fibers to fibers that are connected in the
horizontal plane. Further increase in temperature from 215
to 230 °C slightly improved the horizontal interconnection but
did not achieve vertical interconnection. In this case the
differential increase in modulus is relatively small. The next
increase occurs in the range between 230 and 245 °C, when
the internal connectivity becomes spatially uniform, in both
horizontal and vertical directions.
This can be seen in the SEM images of the cross sections

taken from structures printed with nozzle temperatures of 200,
215, 230, and 245 °C (Figure 10). From the figure we can see
that, for a nozzle temperature of 200 °C, incomplete welding
occurs both in the horizontal and vertical directions. Increasing
the temperature to 215 °C results in increased horizontal
fusion, while minimal fusion is observed in the vertical
direction. Fusion improves as the nozzle temperature increases
further to 230 °C and, except for a few discrete exceptions at
the filament edges, becomes nearly complete in all directions
when the nozzle temperature is 245 °C. This observation is
consistent with calculated diffusion lengths plotted in Figure
8c, which were derived from the measured thermal profiles of
the filaments in the horizontal and vertical directions. From the
figure we found that the diffusion length in the horizontal
direction approached the radius of gyration, when fusion
occurred, at a nozzle temperature of 230 °C, while the
diffusion length in the vertical direction increased more slowly
with nozzle temperature, exceeding Rg/2 only when the nozzle
temperature was 245 °C.

Figure 8. (a) (left) Schematic description of the matrix that was used for thermal analysis between adjacent filaments. (right) Thermal images of
the printing process. (b) Temperature measured from deposition time between adjacent horizontal filaments as a function of time. (c) Total
diffusion length between adjacent horizontal filaments as a function of nozzle temperature. (d) Temperature measured from deposition time
between adjacent vertical filaments as a function of time.

Figure 9. (a) Torsion DMA results of sample printed at nozzle
temperatures of 200, 215, 230, and 245 °C. (b) Maximal modulus
measured for each nozzle temperature. (c) Percentages of modulus
change between the samples printed at the different nozzle
temperatures.
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■ CONCLUSIONS
In situ wide-angle X-ray scattering together with infrared
thermal imaging was performed during 3D MatEx printing
with a PLA filament. The results highlighted the importance of
the temperature profiles during printing on the structure/
property relationships of the samples. Printing along the short
axis resulted in increased thermal retention and higher degrees
of crystallinity and mechanical strength relative to samples
printed along the long axis. The tracer diffusion coefficient was
measured using neutron reflectivity and used to construct a
model of the interdiffusion between filaments as a function of
time and temperature. The thermal conduction between
filaments in the vertical and horizontal direction was measured
at four different nozzle temperatures, and the interdiffusion
was determined by scanning electron microscopy. Good
agreement was obtained between the theoretical predictions
and the experimental results. The data showed that large
differences exist within the structure during printing between
adjacent filaments in the vertical and horizontal directions.
Fusion, which was shown to occur when the diffusion length
approached Rg of PLA, occurred first in the horizontal
direction when the nozzle temperature exceeded 215 °C and in
the vertical direction when the nozzle temperature reached 245
°C.
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