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Abstract 

Additive manufacturing (AM) is used to fabricate polymeric materials into complex three-

dimensional (3D) structures. As the 3D structure is built by sequential layer-by-layer deposition 

of filaments dispensed from a translating nozzle (in the case of extrusion-based printing), defects 

often form at the filament-filament interface. The out-of-equilibrium structural development that 

occurs during the printing process is difficult to directly measure by quantitative means, limiting 

our understanding of the physical mechanisms at play. Here, we utilize in-operando X-ray photon 

correlation spectroscopy (XPCS) measurements with microbeam capability to probe the real-time 

structural evolution at the filament-filament interface during extrusion 3D printing. We investigate 

the solidification of a dual cure (UV/thermal) acrylate/epoxy resin during multilayer 3D printing 

as a rational model by tracking the nanoscale motion of filler particles embedded in the resin. The 

spatially and temporally resolved dynamics (on length scales from several nm to a few hundreds 

of nm and timescales of 10-3 < t < 103 seconds) are measured during the deposition of a single 

filament as well as during the deposition of a second layer on top of the cured underlayer. The 

addition of a second layer introduces structural perturbations at the interface and results in 

accelerated interfacial dynamics compared to those of the cured underlayer. However, as time 

proceeds, the local dynamical heterogeneity disappears, and the evolution of the dynamics 

progresses uniformly within the entire interfacial region. The homogeneity across the interface 

results from the formation of an interpenetrated epoxy network that spans across the first and 

second filaments. This homogenous interface is responsible for the isotropic tensile properties of 

a 3D printed sample that are independent of print direction and nearly the same as the bulk (non-

3D printed) sample. The XPCS microrheology approach provides insight into the dynamics-

process-property relationship at the printed filament interfaces. 
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Introduction 

Additive manufacturing (AM), also known as “3D printing”, is an attractive approach for 

building 3D objects and is utilized in several important industries.1–5 Extrusion-based AM is one 

of the most popular and widespread techniques. Filaments are deposited onto a print bed by 

extrusion through a nozzle attached to a translating print head. 3D printed polymeric parts often 

suffer from limited adhesion at the filament-filament interface as the material requires time to 

diffuse between adjacent filaments, which may not be available during the rapid timescales of 

material solidification in conventional 3D printing.6,7 For polymers, a chain orientation induced 

during printing creates additional barriers toward successful entanglements at the filament-

filament interface and produces undesirable anisotropy in the bulk mechanical properties.8 Void 

formation, caused by the incomplete filling of a material, is also a severe issue as the reduction in 

a filament-filament contact surface area restricts entanglement formation and may negatively 

impact the mechanical strength of the 3D-printed composite.9 While several studies have addressed 

improving interfacial adhesion by incorporation of additives or postprinting processes, information 

about the out-of-equilibrium material physics that occurs during the 3D printing process is desired 

to understand and overcome these defects in the final 3D printed part.8,10–12 Atomic force 

microscopy (AFM), thermal imaging, and X-ray scattering have all been utilized to characterize 

the interfacial structure in 3D printed polymeric systems after printing.6,12–14 However, the in-situ 

structure at the filament-filament interface is difficult to resolve on the relevant length and time 

scales of the printing process.  

Synchrotron X-ray techniques provide many promising approaches to observe such 

behavior.15–18 Small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) 

measurements are able to determine structure across a wide regime of length scales (angstrom to 
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hundreds of nanometers), while coherent scattering techniques such as X-ray photon correlation 

spectroscopy (XPCS) provide additional information related to the material physics across time 

scales (sub-millisecond to 1000s of seconds) relevant to the AM process.19–25 We recently 

demonstrated the in-operando XPCS measurements during direct ink write (DIW) 3D printing of 

industrial dual cure acrylate/epoxy thermoset resin under ultra-violet (UV) light.23 The resin 

contained a small fraction of inorganic barium sulfate particles (average diameter ≈ 2 μm). While 

the particles are a necessary component to facilitate UV penetration23, they conveniently act as 

internal dynamic probes to resolve the development of crosslinking by sensing the surrounding 

internal structure.26–29 It was found that the probe dynamics were not diffusive30 but “hyper 

diffusive” for all printing conditions, a process which has been observed in many soft matter 

systems such as highly loaded colloidal gels, concentrated emulsions, and entangled polymer 

nanocomposites.26,27,31,32 The structural dynamics in a single filament were measured as a function 

of both print speed and UV intensity, where higher UV dose resulted in a greater extent of internal 

crosslinking structure formation.23 Curiously, spatial heterogeneities were identified at the topmost 

surface of the printed filament, regarded as the “interfacial zone” where UV induced crosslinking 

appeared to be more extensive than in the bulk.  

Here, we aim at resolving the interfacial spatio-temporal dynamics during a multilayer 3D 

printing process of the same dual cure acrylate/epoxy thermoset resin under industrially relevant 

in-operando 3D printing conditions. This system was developed to overcome limited interfacial 

adhesion associated with void formation during 3D printing by maintaining molecular mobility 

within the secondary (thermally activated) prepolymer even after UV cure.33 As shown in Figure 

S1 (Supporting Information (SI)), micro-voids commonly found in thermoplastic polymers printed 

by a fused filament fabrication (FFF) method are significantly reduced. Diffusion at the filament-
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filament interface forms an interpenetrated epoxy network that spans across filaments, thereby 

increasing the interlayer adhesion. As a result, the 3D printed samples show isotropic tensile 

properties (Young’s Modulus and strain at break) that are independent of print direction and nearly 

the same as the bulk (non-3D printed) sample (Table S1). Microbeam XPCS measurements with 

this validated, model material system focuses on the structure formation exclusively at the 

interface, providing elaboration on the reinforcement mechanism. In this study, the second layer 

is printed after an appropriate waiting time to ensure the sufficient mechanical property of the first 

layer and preserve the mobility of material necessary for interfacial adhesion. The present study 

provides new insight into the time evolution of the network dynamics at the filament-filament 

interface, highlighting the mechanism underlying the formation of a homogenous interface and the 

correlation between the microscopic structural/dynamical properties and relevant macroscopic 

properties. Demonstration of this technique may also display its applicability to investigate this 

well-known problem in the thermoplastic polymers printed by FFF that show significantly poor 

interlayer adhesion. 

 

Experimental 

The 1K Dual Cure (Acrylate/Epoxy) LOCTITE® VP 10997-085 Adhesive system was 

provided by Henkel Corporation.33 Details of the sample have been described elsewhere.23 Resins 

were transferred to 3 ml extrusion cartridge (Nordson 7012083) and used without further 

modification. The resin contains 15.6 wt.% inorganic barium sulfate particles and 1.2 wt.% of 

boron nitride platelets (average thickness ≈ 2 μm, average length ≈ 50 μm). The small X-ray beam 

size and coherence limitation reduce scattering contribution from large platelets.29 The “dual cure” 

consists of a “UV active” component and a “thermally active” component.34–37 During printing, 
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the UV active acrylate is initiated by 3 wt.% of Irgacure 754, partially crosslinking the material 

enough for continuous and consecutive printing of additional layers. The barium sulfate filler is 

non-UV absorbing, which improves the uniform UV curing of the filament.33 After 3D printing, a 

second stage thermal cure is performed ex-situ at 120 °C to complete the crosslinking of the epoxy 

resin into a tough thermoset part that was used for the mechanical property experiments (Table 

S1). 

In-operando XPCS measurements were performed on a customized 3D printing 

experimental setup at the Coherent Hard X-ray (CHX, 11-ID) beamline at the National 

Synchrotron Light Source II (NSLS-II) of Brookhaven National Laboratory (BNL) (Figure 1).15 

Full experimental details are available in the SI (including Figure S2) and a previous report.23 A 

partially coherent X-ray beam with size 10 μm × 10 μm (full-width half-maximum) and energy of 

9.65 keV (i.e., an X-ray wavelength of λ = 0.128 nm) was used with an Eiger X 4M (Dectris) 

photon counting area detector (75 μm × 75 μm pixel size) at a sample-to-detector distance of 10.08 

m. The entire printer setup was mounted onto the sample stage of the CHX beamline and translated 

to align the filament in-line with the X-ray beam as it was printed onto the print bed (Figure S2). 

An on-axis video camera (OAV) was used to assist in the alignment of the X-ray beam. Filaments 

of 15 mm in length were printed at a print speed of vx = 1 mm/s and extrusion pressure P = 10 psi 

(68 kPa) through a 20 GA straight tip metal nozzle (an inner diameter = 610 μm, Nordson PN 

7018163) connected to a pressure-controlled dispenser (Ultimus V, Nordson EFD). For the first 

filament layer, the distance between the nozzle and the print bed was kept constant at 610 µm (i.e., 

the diameter of the nozzle) for reproducible printing of the desired filament geometry. 

Measurements were performed with the X-ray beam at multiple heights (h) above the print bed 

throughout the filament ranging from h = 50 µm to h = 500 µm (Figure S2). At h > 500 µm, the 
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scattering intensity from the single filament was too low for meaningful measurements due to the 

decreased scattering volume. See Figure S3 for OAV images of filament during printing. 

Dynamics were investigated by XPCS at various relative UV intensities (maximum intensity »	100 

mW/cm2). Independent data sets were collected during printing and curing. The intersection of the 

beam and the sample was vertically translated by a distance of Dh = 50 µm between each scattering 

experiment to spatially resolve dynamics across the height of the filament. To measure interfacial 

dynamics during the deposition of an additional layer, the print head was raised by 550 µm (slightly 

larger than the approximate filament height of 500 µm) and a second filament was printed on top 

Figure 1. Experimental setup of double layer printing. Nozzle extrudes composite resin on top of UV-
cured single layer after a constant wait time of twait = 300 s. A single 365 nm UV LED lamp (maximum 
intensity ~ 100 mW/cm2) was connected to the curing system and positioned with respect to the printhead 
with a stationary bracket. Deposition is in the x-direction at a velocity of magnitude vx (in mm/s), 
perpendicular to incoming X-ray beam (along the z-direction). X-ray beam positioned on printed filament 
at height h with respect to the substrate (h = 0 μm) in the vicinity of the interface (h = 300 to h = 600 
μm). Speckle patterns are collected on the 2D area SAXS detector placed behind the printing setup. 
Scattering pattern is masked into azimuthal slices of scattering vector q defined by scattering angle 2θ 
and angular slices of φ taken over a range of angles that cover the printing (fP) and extrusion (fE) 
directions. A time series of speckle patterns are collected to resolve out-of-equilibrium dynamics during 
3D printing.  
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of the cured first filament after a constant wait time of twait = 300 s. The sample stage was 

positioned into the X-ray beam at several heights in the vicinity of the interface from h = 300 µm 

to h = 600 µm. 

The analysis of the out-of-equilibrium scattering data and calculations of correlation 

functions were performed using CHX beamline Python code (NSLS-II GitHub).38 Full analysis 

protocols are described in the previous report.23 The dynamics are embodied in the time-resolved, 

f-dependent autocorrelation function g2(q, t, f, tage, h), where q is the scattering vector (0.02 nm−1 

< q < 0.5 nm−1, corresponding to length scales of ~10 to 300 nm), t is the delay time, f is the 

azimuthal angle on the 2D scattering pattern. The extrusion direction fE is vertical to the print bed 

and the printing direction fP is horizontal to the print bed. Due to the rapidly changing dynamics 

during the out-of-equilibrium printing process, g2(q, t, f, tage, h) is obtained by averaging the two-

time correlation function C(q, f, t1, t2) over various average experimental aging times tage = (t1 + 

t2)/2 where the dynamics are quasi-stationary:21,23 

𝐶(𝑞, 𝜙, 𝑡!, 𝑡") =
⟨$(&,(!)$(&,(")⟩
⟨$(&,(!)⟩	⟨$(&,(")⟩

																																																	 (1)	

where q is the magnitude of the scattering wavevector q, q = 4psin(q)/l with 2q being the scattering 

angle in the small angle scattering geometry[39.40].39,40 In practice, C(q, f,  t1, t2) is “cut” over a 

series of tage with a lag time of τ = |t2 − t1|, where each cut results in a g2 which is fit to a Kohlrausch-

Williams-Watts (KWW) form: 

g2 = c+b(exp(-2(Gt)a))                                                   (2) 

where b is the Siegert factor determined by the scattering setup and c is the baseline (expected to 

be 1 for ergodic samples). Quantities derived from XPCS experiments (such as a (q, tage, h) and b 

(q, tage, h)) are presented in Supporting Information (Figures S4-S7). We find b  ≈	0.18 for the 3D 
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printing resin is comparable to a static sample (CoralPor®, Schott), suggesting that any faster 

dynamics outside of the experimental time window were not missed by the measurement. The 

baseline c is also found to be close to 1. Non-ergodicity may be expected for solid materials, 

indicating that the resin is not completely “solid-like” on the nanoscale and in the observable time 

regime. The relaxation rate G (in units of s-1) and exponent a describe the timescale and shape of 

the relaxation process at each q, f, tage, and h. The dynamics are characterized by the linear ballistic 

motion model27,30,39,41, i.e., G = Vpq (Figure 2), where the proportionality constant Vp describes the 

q-independent dynamics. Due to the linear relationship, Vp represents the ballistic motion as a local 

displacement velocity (in the unit of nm/s) as opposed to G ∝  D0q2 identified for Brownian 

diffusion.30 We confirmed the linear scaling of G  with q regardless of the choice of f, tage, and h. 

The dynamics in the observable q-regime are due to the constructive interference between filler 

and resin on length scales smaller than the filler themselves. Therefore, Vp is not strongly impacted 

Figure 2. Relaxation rate (Γ) vs. q and corresponding fits to a linear, ballistic motion model where 
Γ=Vpq. Vp is the local displacement velocity of the fillers. Representative plots of a) 0% UV and 
b) 100% UV at h = 300 µm. 
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by the particle shape or size dispersity, which would be resolved at a much lower q regime. The 

length scales accessed by XPCS probe the dynamical behavior, critical to the polymer network 

structure formation (10 – 100 nm). 

 

Results and Discussion 

Single-layer printing. Before discussion of the spatial-temporal evolution at the interface, spatial-

temporal evolution maps for the first filament layer were constructed from the compiled datasets 

of Vp (f, tage, h). Figure 3 shows the dynamics collected for the single filament in the extrusion 

direction (fE, vertical to the print bed) up to tage = 600 s under 0%, 1%, 10%, and 100% UV 

intensity. The results parallel to the print bed (denoted as a fP) are summarized in Figure S8. The 

dynamics cover a wide range of timescales from Vp ~ 102 nm/s at 0% UV to 10-1 nm/s at 100% 

UV, again highlighting the impact of the UV-triggered crosslinking, accompanying structure 

formation, and restriction of the filler motion. Here we present the structural dynamics resolved as 

a function of h, revealing the effect of UV absorption profile through the filament, as well as the 

competition of crosslinking with shear, elongational, and relaxation processes present during 

extrusion. Under 0% UV (Figure 3a), the progression of dynamics with tage is rather uniform 

despite some heterogeneous pockets of Vp at h = 450 um for tage > 100 s where the dynamics are 

faster compared to the locations in the filament at lower h. At tage = 500 s, the dynamics at the 

upper interface is not resolvable (represented in white in Figure 3a) as the filament settles out of 

the X-ray beam. Dynamic information appears missing in this region because the scattering 

intensity decreases below the observable limit, identifying the macroscopic impact of the 

relaxation processes and limited shape retention in the absence of crosslinking.  
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Upon UV irradiation (Figures 3b-d), the overall dynamics become slower with increasing 

the UV intensity.  Heterogeneous behavior of Vp in both tage and h is observed at all UV conditions 

with “bands” progressing across various values of h. Especially, at 100 % UV intensity, as time 

progresses, the interfacial zone at the top surface of the filament (at h > 450 µm) emerges, 

indicating a higher degree of crosslinking compared to the center of the filament at the respective 

tage.23 The slow dynamics layer in the interfacial zone clearly forms at tage » 300 s (i.e., the black 

region in Figure 3d, representing at Vp < 0.01 nm/s for dynamics slower than the observable time 

window set by the XPCS measurements). The filament is bisected as the dynamic timescale below 

h = 300 µm is clearly faster compared to dynamics in the vicinity of the interfacial zone at h > 450 

µm (Figure 3d). It should be noted that based on the scattering setup, the observed dynamics are 

“averaged” along the beam direction which traverses through bulk regions of the filament as well 

Figure 3. Spatial-temporal evolution of the nanoscale dynamics represented by the ballistic mobility of 
inorganic filler particles Vp(h,tage) shown for in-situ prints across a range of UV intensities: (a) 0% UV, 
(b) 1% intensity, (c) 10% intensity, and (d) 100% UV intensity. Dynamics are shown in the vertical 
extrusion direction (fE).  
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as the material exposed at the top surface of the interfacial zone. Assuming the structure formation 

in these regions is different due to penetration of the UV and progression of crosslinking, 

contributions from each region along the cross section may produce complicated correlation 

functions that may not be described by the KWW form. However, as will be discussed in Figure 

6, we confirmed that all g2 functions could be fit with a single KWW function. Hence, the 

scattering signal is mostly dominated by the bulk regions especially at low h, assuming the 

immediate surface layer of the filament is thin, and UV hits the top surface more than the side of 

the filament. 

The early tage is of interest as the initial shape retention of the filament under direct UV 

illumination (3 s < tage < 15 s) is resolved. In Figure 4, the dynamics are shown for fE (extrusion 

Figure 4. Expanded spatial-temporal evolution of the nanoscale dynamics shown in Figure 3 within 
the timescales up to tage = 25 s: (a) 0% UV, (b) 1% intensity, (c) 10% intensity, and (d) 100% UV 
intensity. Time interval of direct UV illumination (tUV =12s) is indicated by the dashed vertical lines. 
Note that the color scale bars to represent Vp are different from that used for Figure 3. 
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direction) at the earliest times. The dynamics generally form an asymmetric front of relaxation 

processes (see also Figure S8 for the dynamics in fP (printing direction)). In all cases at tage < 3 s, 

the dynamics are too fast to be resolved (above the fastest observable limit of Vp  » 100 nm/s), 

limited by the scattering signal and dose limit (to avoid X-ray beam damage of the sample). 

Therefore, these missing values of Vp are represented in grey. The UV illumination is shown in 

Figure 4 accompanied by the timeframe of tUV marked by the dashed vertical lines (the total UV 

exposure time, tUV = 12 s). The dynamics in this direction still reach a uniform state as a function 

of h at tage = 25 s regardless of the choice of UV intensity. 

 

Double-layer printing. After demonstrating the sensitivity of microbeam measurements on the 

single filament, multilayer printing was investigated using the spatial-temporal approach. Before 

in-operando XPCS experiments, we confirmed that the resins under 1% and 10% UV illumination 

with tUV =12s collapsed onto each other during double-layer printing and did not hold the shape, 

rendering the identification of the interface difficult. This also emphasizes the importance of using 

a sufficient UV dose to successfully print multilayers. For this reason, we conducted the XPCS 

experiments only at 100% UV intensity with tUV =12s. In Figure 5, tage = 0 s references the time at 

which the second layer crosses the X-ray beam during printing at a wait time twait = 300 s after 

deposition of the first layer, which is observed in real-time by the on-axis microscope camera. 

Therefore, the global aging time with respect to the printing of the first layer is effectively shifted 

by twait (shown on the alternate x-axis of tage + twait in Figure 5a).  

The area of interest is around the interface of the two filaments (i.e., 300 µm < h < 600 µm) 

as the dynamics are expected to be influenced by the deposition of the second layer. The 

approximate location of the filament-filament interface (h ≈ 500 µm) is indicated by the white 
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dotted line in Figure 5a. As shown in Figure 3d, for 300 < h < 500 µm in the single filament at 

100% UV, Vp slows down to ~ 10-1 nm/s after several hundreds of seconds. In contrast, during the 

deposition of a new filament, the dynamics of the first (bottom) filament speed up by an order of 

Figure 5. Dynamic evolution of multilayer printing under 100% UV where h [µm] is the height with 
respect to the print bed h = 0. Dynamics are presented in the vertical extrusion direction (φE). 
Approximate location of the filament-filament interface is indicated by the white dotted line. a) 
Evolution of Vp during multilayer printing at tage corresponding to the active deposition of the top 
filament. b) In-situ timescales up to tage = 25 s. c) Plots of Vp vs. tage for each height illustrating the 
power law relationship m = d(log(Vp))/d(log(tage)), especially in the time interval of UV illumination 
from tage = 3 s to 15 s indicated by the dashed vertical lines. Power law decay is non-uniform as m 
becomes steeper in the vicinity of the interface. After UV illumination, the evolution of the dynamics 
becomes height independent. 
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magnitude (up to Vp ~ 100 nm/s) which persist for several hundreds of seconds as the top layer 

cures and relaxes (Figure 5a). Several factors contribute to the rejuvenation of these dynamics. At 

the interfacial zone of h = 450 µm, the introduction of new resin from the second layer overlaps 

the first layer to ensure strong interlayer adhesion (Figure S3c). The measured dynamics are 

“averaged” along the beam direction and include contributions from material in the “cured” bottom 

and the “fresh” top layer, where the relative contribution is based on the curvature of the filament.  

The perturbation by the stress exerted from the weight of the new material induces additional 

dynamics near and below the filament-filament interface (h = 300 to 400 µm) which presumably 

rebounds with some elasticity.22 The fact that the dynamics are faster in the first filament as 

compared to the “cured” single filament (shown in Figure 3d) confirms that the internal structure 

of the first filament is only partially cured, according to the resin design. As a result, the first 

filament still allows the diffusion of uncured epoxy at the interface, facilitating the formation of 

an interpenetrated network that spans the filaments and increases the interlayer adhesion. As will 

be discussed below, the homogenous interface is developed quickly after tage = 15 s (Figure 5b). In 

addition, as shown in Figure S9a, similar accelerated dynamics of the first filament at 300 µm < h 

< 500 µm compared to the bottom filament (shown in Figure S8d) are observed in the print 

direction (fP). In this study, the second layer was printed at a waiting time of twait = 300 s to develop 

a sufficient mechanical property during double-layer printing and preserve the mobility of material 

necessary for interfacial adhesion. Future investigations are required to reveal heterogeneities and 

interfacial boundaries in case of printing a second layer on top of a filament that is cured to a higher 

degree, for example, after a waiting time of twait = 600 s.  

The interfacial structure development at the early tage is also highlighted in Figure 5b. It 

should be noted that the color scale bars to represent the range of Vp are different from those used 
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for Figure 5a. Upon deposition and UV curing, it was found that the progression of Vp is 

surprisingly uniform in the vicinity of the filament-filament interface, i.e., h = 500 µm. The data 

also indicates the local dynamical heterogeneity at tage < 13 s: the interfacial dynamics are much 

faster than the cured underlayer located at around h = 300 µm. Similar behavior is identified in the 

φP direction (Figure S9b). These results again highlight the effect of the stress exerted from the 

weight of new material, inducing additional dynamics near the filament-filament interface. 

However, the local dynamical heterogeneity disappeared as time proceeded, and the homogenous 

interface is then developed.  

To further provide insight into the interfacial dynamics at the early tage, the height 

dependence of these transient dynamics in the vertical extrusion direction (φE) is summarized in 

Figure 5c. During UV illumination, the dynamics within the bottom filament at h  £ 350 µm are 

rather static. On the other hand, at h  > 350 µm, Vp decays with a power-law exponent (m) of about 

-2 (i.e., Vp ~ tage-2), close to the power law exponent of -3 reported for single filament sample under 

the same UV dose.23 After tage =13 s, the evolution of the dynamics progresses uniformly within 

the entire interfacial region and collapses into a single front in terms of both Vp and m. The 

homogeneity across the interface results from the formation of an interpenetrated epoxy network 

that spans across the first and second filaments. 

Additional microscopic details of the multilayer printing experiments are interrogated 

through the lens of time-resolved autocorrelation functions g2. Figures 6a-6c show typical g2 at 

various tage and representative q = 0.037 nm−1 in the extrusion direction (φE) under 100% UV 

intensity. g2 is normalized by c and b (eq. 2). Three representative heights in the vicinity of the 

filament-filament interface are shown. The corresponding KWW fits are shown by the solid lines. 

Overall, g2 follows an expected exponential decay with increasing delay time t where the 
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characteristic time scale of the relaxation event increases with increasing tage, indicating the 

Figure 6. Normalized one-time correlation functions g2 for representative tage measured at different 
heights in filaments cured under 100% UV intensity: a) h = 600 µm, b) 500 µm and c) 400 µm. 
Dynamics are presented in the vertical extrusion direction φE. Symbols represent the calculated g2 
functions while lines show fits to a KWW stretched/compressed exponential function. d) Trend in the 
stretching exponent as a function of h and tage in the vertical extrusion direction φE. 
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internal dynamics of the filler particles slow down as the second filament is printed and cured.  

The shape of g2 is also of interest, embodied in the stretching/compression exponent α 

which represents the emergence of multiple relaxation processes in the disordered system.42 In 

Figure 6d, the values of h corresponding to the locations within the first filament (h  £ 450 µm) 

are represented by a dashed line, while the locations at the interface and within the second layer (h 

³ 500 µm) are represented by a solid line. From the figure, we can see that at an early tage (tage < 

10 s), α is close to 1 but quickly begins to approach α = 1.5 or higher, indicating that the relaxation 

becomes compressed (i.e., faster than an exponential decay). Coupled the exponent of 1.5 with the 

linear relationship of G and q (as demonstrated in Figure 2), the dynamics follow a hyper-diffusive 

motif.30 In contrast, in the absence of UV, α does not show as sharp of an increase in the early 

stages of tage, beginning around α ~ 1 and then gradually fluctuating around α ~ 1.5 with increasing 

tage (Figure S4). Thus, the abrupt change in α at the interface region is indicative of the formation 

of a network structure. 

Moreover, the general scaling of Γ ∝ q1 along with α = 1.5 has been previously attributed 

to strain release of randomly distributed stress dipoles in hydrogels and aerogels.39,43,44 More 

generally, Cipelletti and co-workers30 proposed that the deformation under the action of internal 

stresses is responsible for the final decay of the dynamic structure factor of a system (that is related 

to g2), and α can be used as a qualitative measure of the internal stress for a wide variety of jammed 

soft materials. As Narayanan and co-workers42 pointed out, stress fields may locally develop at the 

filler-resin interface due to poor wetting. The interaction of the fillers (whose surfaces were not 

modified) with the resin is favorable enough to adequately disperse the particles in the cured resin. 

However, as shown in Figure S1, there is the formation of some micron-size voids at the filler-

resin interface due to the imperfect mixing of fillers and resin. The voids would allow the local 
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internal stress fields to dissipate quickly45, resulting in a compressed exponential relaxation. In 

Figure 6d, α is close to 1 at tage < 10 s, i.e., the least stressed state, suggesting the absence of an 

epoxy network formation. The network structure triggers the onset of a hyper-diffusive motion of 

the markers throughout the printed filament at tage > 15 s. The compression of the relaxation decay 

after UV exposure tage > 15 s within the entire interfacial region suggests that the crosslinked mesh 

of the polymer becomes arrested. However, as tage further progresses, the gradual decrease in α 

(after tage ~ 30 s), then a fluctuation of α reveals some stress release in the network (Figure 6d). 

These experimental results imply that the UV cure completes the interfacial crosslinking partially. 

In fact, the interfacial dynamics are still of the order of Vp = 1 nm/s at tage=600 s (Figure 5a), which 

is nearly two orders of magnitude higher than those of the cured single filament (Figure 3d). A 

second stage thermal cure at high temperatures (typically at 120 °C) after the UV cure completes 

the crosslinking of the filament-filament interface entirely, creating a tough 3D printed thermoset 

multilayer. 

 

Conclusion 

It is vital to create a uniform interface between adjacent filaments during 3D printing to 

improve interfacial adhesion and structural integrity. By using in-situ XPCS measurements, we 

have revealed the out-of-equilibrium structural development at the interface during the 

solidification of a dual cure (UV/thermal) thermoset resin upon multilayer 3D printing with in-situ 

UV curing. Measurements were performed with the X-ray microbeam at multiple heights (h) above 

the print bed throughout the filament. The approximate height of a single filament was 500 µm. 

The dual cure system has been developed to overcome limited interfacial adhesion and reduce void 

formation during 3D printing. In this study, the second layer was printed at a waiting time (twait, 
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the time between the printing of each layer) of 300 s, not only resulting in the sufficient mechanical 

property but also preserving the mobility of material necessary for interfacial adhesion during 

double-layer printing. The XPCS results elucidated that printing a second layer perturbs the semi-

static structure of the first layer at the microscopic scale and results in the accelerated dynamics at 

the interface compared to those of the cured underlayer at around h = 300 µm. However, as time 

proceeded, the local dynamical heterogeneity disappeared, and the evolution of the dynamics 

progressed uniformly within the entire interfacial region. It is reasonable to conclude that the 

resultant homogenous interface contributes to the isotropic tensile properties that are independent 

of print direction and nearly the same as the bulk (non-3D printed) sample (Table S1). 

Furthermore, we found that the observed dynamics track the internal stress at the filler-resin 

interface during a crosslinking process.  

The printing schedule (modulated through twait) is important to consider as the filament 

constantly evolves during the printing operation. If the second filament is deposited much later 

(twait > 600 s), the highly crosslinked interfacial zone of the first filament (as shown in Figure 3d) 

is likely to hinder diffusion of additional resin across the filament-filament interface. On the other 

hand, if the second layer is deposited too early, the first layer may be perturbed more drastically 

and take longer to recover or not possess the necessary shape retention to support a second layer 

at all. The necessary wait time for a steady state is on the order of twait ~ 100 s according to this 

investigation, which is rather significant for many rapid industrial printing applications. 

Traditionally, the process optimization would be investigated indirectly by printing a set of parts 

followed by ex-situ structural characterization and correlation. Here, in-situ XPCS produces real 

time visualization of the structural dynamics and unravels transient inhomogeneities that dictate 

the performance and integrity of the 3D printed piece. The novelty and design of the dual cure 
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thermoset resin is shown to facilitate formation of a uniform interface between two filaments. 

Future investigations into thermoplastic polymers printed via FFF could reveal crucial information 

as well for understanding the adhesion mechanisms and improve part performance and integrity. 

 

SUPPORTING INFORMATION. The Supporting Information is available free of charge 

online: 

Table S1. Mechanical properties of dual cure acrylate/epoxy thermoset resin (1K 

LOCTITE® VP 10997-085) adhesive system. 

Figure S1. X-ray tomography measurements for the Dual Cure Resin used for the present 

study).  

Figure S2. Photograph of in-situ DIW 3D printing/XPCS experimental set up. 

Figure S3. On axis video microscope images of the filament during printing. 

Figure S4. Quantities derived from KWW fitting of XPCS datasets for 0% UV intensity.  

Figure S5. Quantities derived from KWW fitting of XPCS datasets for 1% UV intensity. 

Figure S6. Quantities derived from KWW fitting of XPCS datasets for 10% UV intensity. 

Figure S7. Quantities derived from KWW fitting of XPCS datasets for 100% UV intensity. 

Figure S8. Spatial-temporal evolution of nanoscale dynamics represented by the ballistic 

mobility of inorganic filler particles shown for in-situ prints across a range of UV 

intensities in the horizontal printing direction. 

Figure S9. Dynamic evolution of multilayer printing under 100% UV intensity. 
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