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Additive printing techniques are regarded as revolutionary and versatile methods of advanced device
manufacturing, stemming from the possibility to pattern materials on a custom-based approach and the
potential to create novel microstructures and achieve new functionalities. Despite these advantages, the
inherent anisotropy of the printing process is a source of property gradients within the printed materials,
often associated with variable and/or poor performance. Up to date, the evolutionary pathways associ-
ated with printing have largely remained unaddressed, mainly owing to the difficulty to study the
transformations induced in the material during processing. Time-resolved coherent X-ray scattering
techniques, such as X-ray photon correlation spectroscopy, enable the in situ study of transient nanoscale
and mesoscale states in a large variety of materials, including amorphous ones, by directly accessing the
most relevant timescales and length scales of their nanoscale and mesoscale dynamics, self-assembly,
and mesostructure evolution. We conduct in operando studies of continuous-flow direct writing with
colloidal inks, focusing on how the ink formulation and ink-substrate interactions affect the processes
that determine the macroscopic properties of the printed materials. We find fundamental differences in
the ink structural relaxations emerging from the primary colloid properties (monodisperse versus
aggregated colloids) and the substrates surface energy and mechanical properties. Our work helps to
reveal and quantify the basic science governing the evolution of 3D-printed materials during processing,
ultimately improving engineering criteria for the design of printable materials.

Published by Elsevier Ltd.

1. Introduction

extrusion from the nozzle, as well as the shear associated with the
deposition of a filament create property gradients across the fila-

Additive manufacturing (AM) processes are considered as ver-
satile and efficient deposition techniques that overcome issues of
traditional subtractive manufacturing including materials waste
and the need of dedicated specialized tools, in turn reducing the
number of steps in processing and hence shortening product
development times. Moreover, AM has enabled a whole new
approach to materials synthesis where novel structures and new
functionalities are realized [1,2]. Nevertheless, the intrinsic
anisotropy associated with these processes becomes an important
source of property gradients and defects in the fabricated compo-
nents [3]. For example, the shear profile associated with the
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ment. Such gradients may influence the pathway of the material all
the way to solidification and can be reflected in the final nanoscale
and mesoscale structure. Interlayer bonding, either between fila-
ments or between a filament and substrate, is typically determined
by interlayer diffusion and creates additional property gradients
that depend on the processing pathway, for example, on the time
between consecutive filament depositions [4]. Therefore, it is
imperative to understand the effects of processing on the
materials and identify the main relationships influencing their
evolution.

Among the different AM printing techniques, continuous-flow
direct writing (CDW) is of great interest across multiple techno-
logical fields owing to the wide range of processable ink viscosities
and breadth of attainable microstructures [5-7]. In particular, in the
fabrication of ceramics with application in energy [8,9],
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biomedicine [2,10,11], and environmental remediation [12,13],
CDW usually makes use of colloidal viscoelastic ink systems that
are loaded in syringe-like cartridges and extruded through a nozzle
following a computer programed trajectory [1,14,15]. Once
patterned, the structures are generally subjected to curing and
sintering treatments, where some of the ink precursors (commonly
organic species) are removed and the material final microstructure
is attained [11,16]. With such an approach, top-down and bottom-
up synthesis techniques are often combined [17-19], providing
further means for controlling the materials composition and
species-colloid interactions, and hence materials properties. In this
context, the role of processing should be acknowledged, not only
from the perspective of the ink formulation and subsequent
transformation during the synthesis but also including the depo-
sition mechanism as an important means of microstructural control
[20-23]. The final mesoscale structure of 3D printed materials is
determined by properties of the materials involved, such as ink and
substrate, and the non-equilibrium pathway from extrusion
through deposition to solidification. While ex situ studies may allow
for establishing some materials-processing-properties relation-
ships, they cannot reveal the complex physical processes governing
material transformation during 3D printing, such as shear during
printing and subsequent structural relaxation, drying, and curing.
Without such knowledge, a detailed understanding and multiscale
physics modeling of the 3D printing of colloidal inks would remain
elusive. This knowledge gap presents a roadblock for predictive
modeling and transformative materials and process development
based on computational simulations and exploration of the vast
parameter phase space guided by artifical intelligence (Al) and
machine learning (ML) methods. In situ experiments are an
important step to expand our knowledge about materials under
processing conditions such as CDW.

While synchrotron-based scattering techniques are being suc-
cessfully applied to study (semi)crystalline polymers processed by
fused filament fabrication [24,25], time-resolved coherent scat-
tering in combination with increasingly fast detectors and
customized experimental setups has only recently allowed the
characterization of complex AM processes and their transient
phenomena in polymer nanocomposites processed by CDW [21,26].

Specifically for CDW, a versatile platform for in situ character-
ization has been developed at the Coherent Hard X-ray scattering
beamline (CHX-11ID) of the National Synchrotron Light Source II,
Brookhaven National Laboratory [26], allowing the study of evol-
utive pathways of inks dynamics and structure rearrangement
processes during the out-of-equilibrium stages [21,26]. This tech-
nical capability enables us to probe nanoscale and mesoscale length
scales with sufficient time and spatial resolution in situ/
operando and to resolve the multilength and timescale character of
the events that take place during the out-of-equilibrium stages. We
perform comparative studies using inks with monodisperse and
branched (aggregated) colloidal fillers (often used as functional
materials in inks for CDW) that are printed on substrates with
different coatings (uncoated, hydrophobized SiO, and Crystalbond
— a resin-like material) and investigate the differences of the ink-
substrate interactions in relation with the colloid structure, as
well as the systems free surface energy, roughness, and mechanical
properties. The ink-substrate interactions play an important role in
the local interfacial defect development, that constitute a critical
aspect for printed devices such as battery electrodes and solar cells,
where The substrate is acting as electrical contact [27-30]. In
addition, in ‘thin’ single-layer printed structures, these interactions

become more relevant as the materials may deform and collapse to
accommodate stress-induced deformations associated with the
materials solidification and densification processes.

With X-ray techniques, the timescales and length scales relevant
to in situ experiments of CDW processes with colloidal inks are only
accessible with scattering techniques. However, morphological in-
formation obtainable by scattering for weakly ordered (quasi
amorphous) colloidal materials is limited. Certain findings in the
dynamics (e.g. the presence of dynamic heterogeneities) may point
toward the presence of mesoscale and macroscale structural de-
fects in the final (cured) structure. Therefore, we conduct comple-
mentary ex situ imaging characterization, including X-ray
nanotomography by transmission X-ray microscopy (TXM) and
optical and electron microscopy of the final structure, supporting
our conclusions about the mesoscale structure of the materials
drawn from observations of dynamic phenomena during the
printing process.

In section 2, we detail our experimental approach and theo-
retical basis for the operando X-ray photon correlation spectroscopy
(XPCS) studies. In section 3, we discuss the results and draw con-
nections between the properties of the substrates and ink
systems; and their evolution regarding dynamics and meso-
structure. We start by analyzing the out-of-equilibrium dynamics
during printing and relaxation of the colloidal ink systems and
investigate the development of dynamic heterogeneities during
relaxation. We continue with the in situ structural analysis using
small angle X-ray scattering (SAXS) and the ex situ structural
analysis by electron and X-ray microscopy. Finally, we provide
concluding remarks in section 4 and analyze the suitability and
relevance of XPCS for the investigation of transient out-of-
equilibrium processes in 3D printing using CDW.

2. Materials and methods
2.1. Ink systems

The prepared ink systems contain silica colloids, either of
monodisperse (=250 nm diameter, ink hereafter referred to as
mono SiO;) or aggregated (primary particle size =7 nm, ink
hereafter referred to as branched SiO;) nature, constituting the
main solids loading in the formulations. The inks contain minimum
amounts of methyl cellulose to increase their elasticity. All other
constituents are considered as solvents in this work's discussion,
refer Table 1.

The differences in ink composition reflect the specific colloid
properties, requiring different amounts of stabilizers and disper-
sants to render inks with rheological properties appropriate for
printing, refer Supplementary Information, Fig. S1. Further details
on the ink formulation and characterization are available in
Supplementary Information.

2.2. Substrate treatments and characterization

Three different substrates were used in the operando experi-
ments, consisting of bare and thin film-coated Si wafers. The
different coatings were sprayed onto 6 mm x 15 mm precut Si
wafers (using a commercially available paint gun) to modify the
surface properties (Table 3). The coatings consisted of a thin resin
film (Crystalbond-509, Aremco) and a hydrophobic sol-gel fluori-
nated silica coating. For the former, a 15 wt% Crystalbond 509 so-
lution in acetone was prepared, sprayed directly onto the wafer, and
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Table 1
Ink composition and constituents in vol%.

Ink name SiO, Water Ethylene glycol Diethanolamine Methyl cellulose
Mono SiO, 35.83 51.78 11.89 - 0.51
Branched SiO, 16.41 45.73 33.90 2.75 1.21

allowed to dry without any further processing. For the hydrophobic
coating, a variation of the sol-gel method by Kessman and Cairns
[31] and Banerjee et al. [32] was used. Substrate characterization
was performed in terms of wettability and surface morphology by
advancing contact angle measurements and atomic force micro-
scopy (AFM), refer Supplementary Information, Substrate Charac-
terization section.

2.3. Printed structure ex situ characterization

Thermogravimetric analysis (TGA, PerkinElmer Pyris Diamond
TG/DTA) of the inks was used to confirm the inks SiO, content and
to investigate the room temperature solvent evaporation kinetics of
deposited filaments, reproducing the experimental conditions
during the operando experiments. X-ray and electron microscopy
measurements were performed to obtain structural information
complementary to the operando X-ray scattering data. The micro-
scopy studies of the printed structures were performed after
annealing the filaments for 20 min at 700 °C to remove organic
species and facilitate focused-ion beam (FIB) sample preparation.
Cylindrical samples of 20—30 pm diameter and =50 pm height for
characterization by X-ray nanotomography were prepared using a
lift-out process in a dual beam (Helios, Thermo Fisher Scientific
Inc.) focused-ion beam and scanning electron microscopy Ssys-
tem [33]. FIB milling was carried out to mill a cylindrical-shaped
specimen from the interface between the printed ink and the
substrate (after fully drying the filaments, they had no adhesion to
the substrates), with the cylinder length axis being perpendicular
to the deposition direction (Fig. 1a). Following the milling process,
the lift-out process was carried out by gently attaching a micro-
manipulator to the top of the cylindrically milled sample to transfer
the specimen onto a Pt sample mounting pin. Synchrotron-based
nanotomography was conducted at the Full-field X-ray Imaging
Beamline (FXI-18-ID) [34], National Synchrotron Light Source II,
Brookhaven National Laboratory. Additional details are available in
Supplementary Information.

2.4. Operando characterization by time-resolved coherent X-ray
scattering

Operando characterization of the ink during printing, consecu-
tive recovery, and partial curing by time-resolved coherent X-ray
scattering was performed using an in-house built extrusion-based
direct ink writing printer [26] at the Coherent Hard X-ray scat-
tering (CHX) beamline 11-ID.

The filament deposition used a pressure-controlled syringe-
piston system (Ultimus V, Nordson) with a 580 um inner diameter
conical nozzle (Nordson part-number: 7005009). The extrusion
pressure and printhead speed were set to 55 kPa and 0.3 mm/s and
68 kPa and 0.2 mm/s for the mono SiO, and branched SiO; inks,
respectively. Coated and uncoated wafers were mounted on the
printbed using self-sticking adhesive tabs (Product no. 76760,
Electron Microscopy Sciences), which allowed recovery of the

wafers after filament deposition for further ex situ characterization.
The height h from the substrate surface at which the filaments were
probed by the X-ray beam was set to =50 um by the vertical
translation of the printer upon locating the substrate's surface via
an absorption scan. X-ray scattering experiments were performed
with a partially coherent X-ray beam with wavelength A = 1.285 A,
focused to a spot size of =10 pum diameter, full width at half
maximum (FWHM). Multiple optical cameras with varying reso-
lution and field of view were used to monitor the deposition pro-
cess, including an on-axis microscope, imaging the sample along
the direction of the X-ray beam (Fig. 1a). For the filament deposi-
tion, the printhead of the printer was moved along the x-direction,
keeping the printbed and deposited filament stationary during data
acquisition (refer to coordinate system, Fig. 1a). By starting the data
acquisition before the printhead crossing the X-ray beam, the in-
tensity rise associated with the filament being deposited across the
beam can be used to define the ‘age’ (tige) of the material being
probed, with the intensity rise corresponding to tage = 0 s ( Fig. 1a,
c). The total length of the extruded filaments was 13 mm, deposited
symmetrically around the beam position. This corresponds to more
than 20 s of deposition prior and after passing the X-ray beam,
sufficient to avoid any effects due to the start or stop of the depo-
sition. The evolution of the dynamics and structure of the filament
was followed with a series of data sets, each adjusting acquisition
and transmission parameters. A 50 pum horizontal shift of the
sample position between consecutive data sets was introduced to
avoid accumulation of X-ray dose in a single spot. The acquired data
sets were used to characterize the out-of-equilibrium dynamics
and structural evolution following extrusion and relaxation of the
inks via XPCS and time-resolved SAXS. Printer controls and data
acquisition were realized via the Bluesky software package [35],
while two- and four-time correlation functions (variance ), as well
as radially averaged SAXS intensity curves were computed using
Python-based code available at the CHX beamline [36].

The out-of-equilibrium dynamics associated with the extrusion,
deposition, and consecutive relaxation and curing of the inks can be
characterized by time-resolved (two-time) intensity-intensity cor-
relation functions of the form [37,38],

J(Q, D,t1)-1(Q, P, t2))q o
1Q,2,t1))q ¢ +{1(Q, P, 12)) g

G(Q,D,t1,t) = (1)

where I(Q, ®, t;) is the intensity at time t; in the scattering pattern,
measured at a detector pixel corresponding to an average wave-
vector amplitude Q = 4w sin(0)/4 and azimuthal angle ®. The
ensemble average (...)q g is performed over detector pixel in the
range Q' = Q+AQ and & = ®+Ad, where AQ = 0.002 A~! and
A® = 10° for all data sets in this study. The two-time correlation
function according to Eq. (1) is the most comprehensive way to
describe the dynamics, as it represents the intensity-intensity
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Fig. 1. (a) Schematic of the XPCS operando experiment, portraying the deposition and extrusion directions, as well as the definition of the azimuthal angle ® and scattering angle 26.
For a stable filament deposition, extrusion and deposition speeds need to match (Vexir, = Vdep). (b) Optical microscope images acquired simultaneously with the X-ray scattering data
of the representative stages of the deposition onset before (tg. < 0) and after (t,ge > 0) crossing the X-ray beam (red cross marks the position of the X-ray beam) (c—e) Repre-
sentative two-time correlation functions during (c) and post deposition (d, e). Inset in (c) depicts the intensity rise associated with the filament crossing the X-ray beam that defines

tage = 0. XPCS, X-ray photon correlation spectroscopy.

autocorrelations on a frame by frame basis, that is, without tem-
poral averaging and with the time resolution of the frame rate used
during data acquisition. Two-time correlation functions are there-
fore adequate to describe not only quasi-stationary but also out-of-
equilibrium dynamics in particular. Further data analysis illustra-
tion is available as Supplementary Information, section S1. Exper-
imental Details and Fig. S3. For limited time intervals tage + Atage
over which the two-time correlation function describes a quasi-
stationary state, one can average the two-time correlation function
around an average aging time tyge = (tj + t;)/2 to obtain ‘aged’
one-time correlation functions of the form [39]:

82 (Q7 ¢7 tage, T) =

UL LS
i

Q, D, tage — %) >Qc<1>’ . <1<Q7 D, tage + %>>

with the lag time 1 = |t-t1]. While tage progresses along the diag-
onal (t; = t3) of the two-time correlation functions, the aged one-
time correlation functions are essentially cuts with ‘width’ 2At,ge
perpendicular to this diagonal. Quantitative information about the
dynamics can be obtained by fitting the aged one-time correlation
functions to a Kohlrausch-Williams-Watts form [40],

22(Q, @, tage, 7) =1 + fe2(7/™)" 3)

Q.9

where B is a setup dependent contrast factor, determined by the
coherence properties of the X-ray beam and the spatial sampling of
the speckles. 7(Q, ®, tage) is the relaxation time quantifying the
timescale of the dynamics. The compression exponent y is char-
acteristic for different types of dynamics, such as y = 1 for Brow-
nian diffusion, y < 1 for subdiffusive, or y > 1 for hyperdiffusive
(ballistic) dynamics.

The aged one-time correlation functions (Eq. (3)) can quantita-
tively describe the out-of-equilibrium dynamics of samples with
evolving timescales, as long as the time averages are kept short
enough to capture the kinetics. However, they cannot describe

; (2)

Lage iAtuge

larger fluctuations in G(Q,®,t;,t;) associated, for example, with
the collective dynamics common in colloidal gels and emulsions
[41—43]. Such collective dynamics can be expected to play a role in
the solidification of the inks, when solvent evaporation and volume
shrinkage drive the system toward jamming and an arrested state.
Fluctuations in G arising from such type of dynamics can be
quantified by its normalized variance [39,41]:
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(G2(Q.®.tage 7))ty ntege —(G(Q.@.lage )i sty
[gz (Q7¢7tageaT:O) -1 ] 2

X(Q@:tageﬂ') =

(4)

which can be related to the susceptibility 4 that characterizes
spatial heterogeneity in the dynamics of glassy materials [39].

3. Results and discussion
3.1. Out-of-equilibrium dynamics (XPCS)

Wavevector-dependent two-time correlation functions are
calculated according to Eq. (4) for the two principal ¢ directions
(Fig.1a), namely along the extrusion direction (perpendicular to the
substrate) and along the deposition direction (parallel to the sub-
strate) [21]. Following the out-of-equilibrium dynamics of the ink,
or more precisely of the colloids, which dominate the scattering
signal due to their larger electron density as compared with that of
the other ink constituents, multiple data sets were collected over
ages in the range of 1500 s > tage > 0's, during and after deposition.
For each consecutive data set, acquisition parameters were chosen
according to the slowing dynamics while adjusting the trans-
mission of the X-ray beam to stay below the determined threshold
for beam damage. Representative two-time correlation functions
spanning ages corresponding to the in situ deposition (filament
crossing the X-ray beam, corresponding to tage = 0 s determined by
the step-like increase in scattering intensity, refer inset in Fig. 1c) to
later stages, governed by slowing down dynamics and dynamic
heterogeneities (Fig. 1e) are observed. Broadening of the two-time
correlation function with elapsing time is indicative of a progres-
sive reduction of the colloid mobility. At later times, the two-time
correlation functions for the mono SiO, ink display heterogene-
ities, indicating dynamics governed by sudden dislocations and
rearrangements in the ink nanostructure (Fig. 1e). This kind of
temporal heterogeneities is typical of strong gels and jammed
systems where the overcoming of multiple local maximum energy
thresholds during the relaxation process gives rise to the observed
fluctuating pattern [44]. While the initial trends described by the
two-time correlation functions (onset and broadening) are com-
mon to both of the ink systems studied, the development of tem-
poral heterogeneities is exclusive to the monodisperse colloid ink
system over the investigated time frame. These heterogeneities are
further investigated in section 3.2.

To quantify the evolving timescales of the dynamics, the two-
time correlation functions are time averaged over relevant
tage +A tage sections (Eq. (2)) that are then subsequently fitted ac-
cording to Eq. (3) to extract the relaxation time tg, as well as the
contrast 3 and compression exponent y. As an example, a series of
representative correlation functions g (tqge,7®,Q) is shown in
Fig. 2a. The systematic shift toward longer relaxation times 7o with
increasing t,g. reflects the lower mobility of the colloids within the
ink as time passes and the inks recover their gel structure and ul-
timately undergo a drying process driven by solvent (water)
evaporation. A representative time evolution of y (averaged over Q)
for the mono SiO; and branched SiO, on the Crystalbond-coated
substrate is shown in Fig. 2c, d, respectively. An evolution of the
functional form of these correlation functions from an initially
stretched (y < 1) to a compressed (y > 1) behavior is also evident,
suggesting a transition from subdiffusive to hyperdiffusive
dynamics.

For all investigated combination of inks and substrate coatings,
the compression exponent y depends only on ® and tage but is in-
dependent of Q (as shown in the inset of Fig. 2d). The branched SiO,

ink exhibits subdiffusive dynamics (y = 0.7) right after the depo-
sition, which quickly evolves into hyperdiffusive dynamics with
Y = 1.5 within 4.5 s < taee < 15 s. In the intermediate regime,
(4.5 s < tage < 100 s) y is about 1.5—1.75, before reapproaching
Yy = 1.5 for tage > 100 s. Qualitatively, this evolution holds for the
branched SiO, ink on all three different substrates. For the mono
SiO; ink, the compression exponent right after deposition is y = 0.5
and remains smaller than one up to tage > 50 s. In the intermediate
regime (280 s > tyge > 650 s), y continues to increase, reaching
values in the range 1.25 < y < 1.75. It is noteworthy that for
tage > 280 s, the dynamics exhibit significant temporal heteroge-
neities, that is, the dynamics in this time window cannot be
completely described by aged one-time correlation functions,
which might contribute to this large observed spread of y values.
For tage > 650 s, ¥ approaches values of =1.5—1.75. The evolution of
v for the mono SiO, ink on all three substrates is qualitatively
similar to the branched SiO, ink. However, the systematically
smaller y values observed along the extrusion direction (Fig. 2c) are
exclusive to the Crystalbond-coated substrate. For the other two
substrates, there is no appreciable dependence on the direction and
the values follow the ones for the extrusion direction on the
Crystalbond-coated substrate. Similar y values (y = 2) have also
been reported for aerogel undergoing internal relaxation after the
application of a strong localized deformation [39].

For both ink systems and all substrates, the contrast factor
determined from the fit of the aged two-time correlation functions
at early ages is smaller than the contrast factor fy = 0.16—0.17
determined for the experimental setup using a static sample
(porous glass, CoralPor®, SCHOTT). In addition, f} exhibits a strong
Q-dependence (refer insert of Fig. 2f), indicating that the sample
dynamics at early ages contains some faster relaxation modes, with
timescales faster than the minimum lag-time t accessible in our
experimental setup, and the observed f is the arrested decay of
these non-ergodic dynamics. Such fast modes in concentrated
colloidal systems are, for example, the ‘rattling’ of individual par-
ticles within the ‘cage’ formed by their nearest neighbors [45—47].
The height B of the initial plateau is related to the average ampli-
tude or mean square displacement d of these fluctuations by
B « exp(-Q%3%/3) [41,48,49]. A fit of this relationship for the
branched SiO; ink on the uncoated substrate at t;ge = 6.5 s along the
deposition direction is shown in the insert of Fig. 2f. The mean
square displacements d of these fast dynamic modes as a function
of age for both ink systems on the uncoated substrates are shown in
Fig. 2e, f. For the mono SiO ink and taee < 1 s, we find values of
d = 20 nm and § = 10 nm in the deposition and extrusion di-
rections, respectively. These values decrease with increasing age
until B approaches B for tage > 300 s. A similar behavior is observed
for the branched SiO, ink, with initial values of 8 = 10 nm and
3 = 6 nm for the deposition and extrusion direction, respectively,
and B approaching o for tyge > 400 s. For early ages right after the
ink deposition (tage < 20 s), both ink systems show large amplitude
fluctuations along the deposition direction, with the amplitudes
being about a factor of two larger for the mono SiO; ink. During
deposition, the inks experience additional forces, such as the shear
due to the interaction with the substrate and stretching (visco-
elastic drag) along this direction. For short times afterward, the
cages of nearest neighbor colloids may be asymmetric (stretched
along the deposition direction) and allow fluctuations with non-
isotropic amplitudes. This anisotropy quickly vanishes during the
inks’ relaxation and the reestablishment of the gel structure. The
observed reduction of the amplitudes of the fast dynamic mode
with tage indicates an increasing solidification of the inks, accom-
panied by increasing storage modules G’ [42,48], up to the point
where the fast dynamic modes become completely frozen in, and
the dynamics are completely shifted toward the timescales
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Fig. 2. (a) Normalized aged correlation functions for the mono SiO ink on an uncoated Si wafer collected at h = 50 pm above the substrate, in the extrusion direction (normal to the
substrate) and for a wavevector Q = 0.0064 A~". (b) Overview of relaxation time 7o dependence on filament age t,g and wavevector Q, for the branched SiO; ink in the extrusion
direction on the Crystalbond-coated substrate, slope indicates the drift velocity v4. Time dependence of the compression exponent y (averaged over Q), upon printing on Crys-
talbond substrates (c) mono SiO, and (d) branched SiO,; inset: typical Q-dependence of the compression exponent v in the subdiffusive (bottom, uncoated substrate along extrusion
direction, t,ge = 6.5 s) and hyperdiffusive regimes (middle, uncoated substrate along extrusion direction, t;se = 109 s, top: hydrophobic substrate along deposition direction,
tage = 1488 s). Mean square displacement 9 of the colloids’ fast dynamic modes within the ‘cages’ formed by their nearest neighbors: (e) Mono SiO,, uncoated substrate; inset: Q-
dependence of B at early ages for Q = 0.0094, 0.0064, 0.0034 A~ (bottom to top), dashed line is the contrast B, measured with a static reference sample. (f) Branched SiO,, uncoated
substrate; inset: Q-dependence of B for t,ge = 6.5 s, dashed line is a fit to the relation p « exp(-Q%3%/3).

accessible in the experiment. For both ink systems, these fast
localized dynamics show now no dependence on the substrate
coatings.

While Brownian motion exhibits a dispersion t9 « Q~2, the
investigated systems display a linear Q-dependence, as is typical for
concentrated systems with highly interacting colloids [50,51]. This
behavior indicates that the particle displacement, on average, in-
creases linearly with time [41]. The dynamics is therefore not
governed by diffusive motion but rather by a drift mechanism, with
a drift velocity vq [52] which is given as follows:

7o (tage, @) ZUE] (tage, @) -Q! (5)

Fig. 2b shows representative fits to Eq. (5) for the relaxation
times determined for the branched SiO; ink in the extrusion di-
rection for different ages. The drift velocity vq is observed to shift
toward lower mobility values as time progresses after printing. A

complete overview of the evolution of vq4 for both investigated inks
and printing directions (®) is presented in Fig. 3.

The displacement velocity vq can be expected to depend on @,
where the differences between the analyzed directions (extrusion
versus deposition) arise from the process inherent anisotropies
(shear distribution during extrusion and deformation upon depo-
sition) and the contribution of the substrate interactions. Summary
plots of the time-dependent vq for the ink systems printed on the
different substrates are presented in Fig. 3a—d. Here, vq represents
the mobility of the system and therefore the ability for mass
transport and interaction with the surroundings. It is therefore
pertinent to emphasize the probing location for this investigation —
on the printed filaments =50 um above the substrate. At early
stages (right after deposition), the values for vq are maximum: the
system is far from equilibrium and the colloidal particles (and other
ink molecules) are rapidly changing their configuration as a result
of the shear-stress applied during the extrusion, and the 90°
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Fig. 3. Drift velocity vq4 for the investigated inks upon filament deposition on various substrates (a and b) monodisperse ink (mono SiO,) and (c and d) branched SiO,, in the
deposition (a) and (c) and extrusion (b) and (d) directions. Arrows (from left to right) indicate the ink relaxation stages as ‘fluid’, gel recovery and jamming (a and b, for mono

Si0;) and ‘fluid’, gel recovery/rebranching and plateau drying (c and d, branched SiO,). (e

) Room temperature thermogravimetric analysis of extruded inks showing the solvent

(water) evaporation. Dashed vertical lines in (a—e) indicate an approximate water loss of 20% at t,ge = 300 s. (f) AFM surface profile; and optical microscopy images of the substrates
(g) uncoated Si wafer, (h) hydrophobic Si-coating, and (i) Crystalbond coating. (j) Printed structure from the branched SiO, ink on the Crystalbond-coated substrate, with a sliding

path at the end of the structure. AFM, atomic force microscopy.

deformation induced by the substrate and the relative motion of
the nozzle to the substrate [53]. After the deposition, the mobility of
the systems decreases as a result of the ink relaxation (settling,
recovery of the gel structure) and the evaporation of solvent
(drying, Fig. 3e). While the mobility decreases for both the extru-
sion and deposition directions, slightly larger values are observed
in the extrusion direction. This result is associated with the
‘pinning’ that the ink experiences near the ink-substrate interface,
restricting the motion along the deposition direction. In contrast,
the mobility along the extrusion direction is not as greatly affected
by the pinning effect but is instead dominated by bulk phenomena
such as gel structure recovery and solvent evaporation, which
locally increases the viscosity. The effects of the latter can be better
observed at later ages and eventually reduce the mobility along
both directions and drive the system toward a jammed state.

The evolutionary pathways for vq differ depending on the
colloid structure (i.e. monodisperse vs. branched), which highlights
the significance of the materials’ contribution to the out-of-
equilibrium stages associated with the AM processing. For the
mono SiO; system, vq decreases slowly for ages 3 s > tage > 300 s.
The observed large spread of vq at tage = 300 s, in particular in the
deposition direction, stems from the occurrence of dynamic het-
erogeneities as discussed in section 3.2. For tyge > 300 s, vq de-
creases at a significantly higher rate for all substrates and along
both directions. The dependence of vq on tage can in both regimes
be approximated by power laws, that is, vq « tige. Guides to the eye
with m = —0.2 for tage < 300 s and m = —3.5 for tzg > 300 s are
shown in Fig. 3a, b. The transition around 300 s can be linked to the
loss in solvent, as suggested by the room temperature TGA analysis,
where the change in water content is about 20% (Fig. 3e) for the
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corresponding tage (the other solvents in the inks have significantly
higher vapor pressures at room temperature). For these TGA
measurements, extruded filaments with comparable dimensions
where subjected to constant temperature programs reproducing
the XPCS environmental conditions. TGA and dynamics measure-
ments suggest that water loss at 20% drives the mono SiO, ink
systems into jamming, accompanied by a rapid loss in colloid
mobility. Consequently, one may characterize the initial state of the
ink right after deposition as ‘fluid-like’, characterized by fast, sub-
diffusive dynamics and the presence of fast dynamic modes. This is
followed by a phase in which it recovers and strengthens its gel
structure, until jamming and solidification sets in driven by solvent
evaporation.

Compared with the two power law regimes, the branched SiO,
ink system exhibits a more complex vq (tage) evolution, refer Fig. 3¢,
d. The initial ‘fluid-like’ phase right after deposition is followed by a
steep decrease in vq for tage < 20 s. We hypothesize that this regime
is governed by the recovery of the gel structure and (re-)branching
of the colloidal particles. This decrease of vq4 sets in at significantly
earlier ages on the bare substrate, as compared with the hydro-
phobic and Crystalbond-coated cases, respectively, pointing
toward a possible pinning or bonding with the uncoated substrate.
For 400 s > tage > 60 s, vq is almost independent of tage, With vg
showing only small variation for the different substrate coatings.
This plateau region may be attributed to a steady state in which
branches with neighboring colloids have formed, and the overall
mobility is determined by the amount of solvent (or in return the
packing density of the colloidal particles) in the system. The final
decrease in vq can be associated with the solvent evaporation and
drying as evidenced from the room temperature TGA in Fig. 3e.
Given the lower initial colloidal volume fraction in the branched
SiO, ink (when compared to the mono SiO; formulation, refer
Table 1), it may be expected to find the onset of drying in the dy-
namics at larger tage, when a similar particle volume fraction is met
upon further solvent removal.

The colloid mobility as characterized by vq is also observed to
exhibit variations depending on the substrate properties, indicating
overall lower mobility right after deposition and up to ~100 s when
printing on uncoated silica substrates. For the branched SiO, ink
system, it should be noted however that data were acquired at
~20 pm from the substrate interface, which emphasizes the pinning
promoted by the substrate surface, at short aging times in com-
parison with the hydrophobic and Crystalbond counterpart sam-
ples probed at ~50 pum. These findings may be related to the
properties governing the ink-substrate interaction, including sub-
strate wetting, surface chemistry, and mechanical properties of the
coating. In particular, the work of adhesion W, (calculation details
in Supplementary Information Section S1.) of the respective inks’
solvent mixtures is largest for the uncoated substrates, followed by
the Crystalbond and the hydrophobic coated surfaces, refer Table 2.
It should be noted that these values are a fair approximation [54] to
the actual inks W, at the earlier ages after deposition, when the
inks solvent content is maximum.

In the case of the branched SiO; ink, very small variations in vq
were observed between the hydrophobic and Crystalbond coatings
(Fig. 3¢, d), presumably owing to the poor wetting properties of the
former [31] and the plasticity of the latter. Differences become
significant at later ages where the hydrophobic coating shows
higher vq4 values in both analyzed directions. The substrates’ surface
morphologies can be appreciated in Fig. 3g-j; a trench-like mark on
the Crystalbond coating can be observed (Fig. 3j), as it deformed
upon volumetric contraction of the above-laying filament along the
deposition direction. The ability for the filament to ‘flow’ during
drying is most pronounced for the Crystalbond coating and should
allow for a partial release of the stress induced by the volumetric
contraction. Similarly, for the mono SiO, ink system, the highest vq4
values were obtained when printing on Crystalbond-coated sub-
strates. This is especially significant at later stages, where the dif-
ference between vq for Crystalbond and uncoated substrates span
over one order of magnitude along the deposition direction.

The surface AFM characterization (Fig. 3f) indicates the rough-
ness to be fairly similar despite the differences observed in the
‘waviness’ of the height profiles, refer Fig. 3f-i. The roughness
values are largest for the hydrophobic system, followed by the
Crystalbond coating and the uncoated substrates. This result in
connection with the measured contact angle and roughness factors,
accounts for the relatively poor wetting properties of the inks on
the hydrophobic coating and increasingly better wetting on the
Crystalbond and uncoated surfaces, respectively. Refer Tables 2 and
3.

3.2. Dynamic heterogeneities

The two ink systems, in which the filler particles are packed at
high volume fraction, have a dynamical behavior (for ages past the
initial gel recovery) that are reminiscent of that of colloidal gels.
Typical dynamics in such systems are characterized by slow re-
laxations, non-exponential, ballistic-like correlation functions, and
non-diffusive (tge«Q~!) behavior [55—60]. In this age regime, the
systems are being driven into a jammed and arrested state by sol-
vent evaporation and the accompanying volume shrinkage. The
dynamics of these systems can be expected to be temporally het-
erogeneous and driven by stress relaxation processes [44]. The
temporal heterogeneities can be quantified by means of the
normalized variance y (Eq. (4)).  is calculated for data sets with
tage > 200 s, where the timescales of the dynamics, as characterized
by g, are quasi-static over an extended range of ages, allowing for
the calculation of % with decent statistics, while avoiding artifacts
due to changing relaxation times to. While the dynamics of the
branched SiO, ink shows no significant temporal heterogeneities
within the range of ages investigated here, such heterogeneities are
very pronounced in the monodisperse ink system and show a clear
dependence on the substrate coating.

Fig. 4a, b show the y(Q, ®, tage, 7) calculated for the mono SiO;
ink on the three different substrates for the deposition and extru-
sion directions at three different ages and for Q = 0.00642 Al

Table 2
Inks’ solvent mixtures wetting characteristics on the different substrates.
Solvent mixture Surface Energy (liquid) Coating Contact angle 6 [°] W, [m]/m?]
Y1 [m)/m?]
Mono SiO, 70.71 Uncoated 44.80 120.88
Hydrophobic 89.65 71.14
Crystalbond 63.79 101.94
Branched SiO, 51.71 Uncoated 33.81 94.68
Hydrophobic 74.26 65.74
Crystalbond 43.23 89.39
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Table 3

Substrate properties characterized by AFM and sessile drop contact angle measurements.

Coating Roughness Rq(RMS) [nm] Roughness factor o, Surface energy (substrate)
¥s [mJjm?]

Uncoated 2.29426 1.00161 61.64

Hydrophobic 3.94313 1.00099 19.31

Crystalbond 2.43718 1.00126 38.36

AFM, atomic force microscopy.
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Fig. 4. Normalized variance y for the mono SiO; ink on differently coated substrates along the deposition (a) and extrusion (b) directions, at three different ages (data sets for
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characteristic timescale t* of the dynamic heterogeneities for the ink at t,ge = 647 + 25 s on the hydrophobic substrate. (f) Q-scaling of y* for different ages on the hydrophobic

substrate. Dashed lines are fits according to y*« Q*

corresponding to a length scale of about 100 nm, comparable with
the colloid radius. The average ages span the onset of the ‘aging
regime’ (vq o« t;g3é5) till the end of the time window observed in this
study. The peak shape of ¢ provides insights about the timescales of
the heterogeneities [44,61]. Depending on the substrate and
relaxation regime, temporal heterogeneities with characteristic
timescales t*, corresponding to the value of t at the peak value y*
of %, develop. For tage = 650 s, the y calculated along the deposition
direction for the bare and hydrophobic substrates exhibit some
spikes, which are reminiscent of single events causing substantial
decorrelations. For filaments on the uncoated substrate, with the
highest chemical affinity (printing Si-based inks on Si wafers,
which exhibit the best wetting properties, i.e. lowest contact an-
gles, refer Table 2), the heterogeneities exhibit shorter timescales t*
and are more pronounced (larger *) than for the filaments on the
other two substrates. For the Crystalbond coating, the ability of the
filaments to ‘flow’ during volumetric contraction facilitates the
accommodation of deformations near the ink/substrate interface.
Consequently, the heterogeneities show larger characteristic times
and lower maxima, suggesting that the local structure rearrange-
ments occur more slowly and concomitantly, allowing for better
stress distribution and potentially resulting in less large-scale
structural defects. These results provide additional insights appli-
cable to printing, for example, devices such as electronics, where
good interfacial contact and conformity might be essential for
electrical conductivity and signal transmission.

Previously reported mechanical properties for the hydrophobic
coating indicate hardness values of =13 GPa, as measured by
automated nanoindentation with a conical diamond probe,
compared with reference hardness values for glass slides with
values of =7.5 GPa [32]. For Crystalbond 509, on the other hand, no
hardness values were found on literature, instead temperature-
dependent viscosity was reported, which confirms our

observations on the ability of this coating to ‘flow’. With a melting
temperature of 74 °C, the reported viscosity is 26000 cP [62].
Nevertheless, at the temperatures used for printing at =25 °C, this
material behaves as a solid. The emergence of dynamic heteroge-
neities is correlated both with the work of adhesion W, between
the ink and the substrate and the mechanical properties of the
substrate. Temporal heterogeneities in the dynamics stem from
stress relaxation during volumetric shrinkage (upon solvent
evaporation) and are augmented by ‘pinning’ effects between the
ink and the substrate. This ‘pinning’ raises the energy barrier for
structural rearrangements, reducing the frequency of these rear-
rangement events, while at the same time increasing their average
amplitude in terms of structural displacement. Careful optimization
of W, and the mechanical properties of the substrate may minimize
resulting defects such as cracks and voids in the final structure.

The dynamic heterogeneities are generally more pronounced in
the writing direction than in the extrusion direction. This result
may be expected, since the substrate interface provides anchoring
sites for the ink to adhere. In the extrusion direction, on the other
hand, the ink is not only less constricted to motion but also more
likely to accept solvent species from the bulk, on their pathway
toward the filaments’ periphery where its exchange with the sur-
roundings is maximum. This observation agrees with vq showing
larger values in the extrusion direction for tzge > 1000 s.

Fig. 4c, d show a quantitative comparison of the timescales 7y of
the one-time correlation function g, and the characteristic time t*
of the dynamic heterogeneities. Here, t* is determined as the po-
sition of the maximum y* of a fit of ¢ with an asymmetric pseudo-
Voigt profile [63], which averages out some of the spikes in . For all
data sets, tg is found to be larger than t* by about a factor 3 to 4,
indicative of fast non-gaussian processes that are characteristic of
jammed systems [61]. Taking into account that the g,s are strongly
compressed (y > 1.5) and comparing t* to the 7 corresponding to
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the ‘half-height’ of g instead, this factor is reduced to about 2. In
general, for glassy systems such as concentrated colloidal suspen-
sions, t* is of the same order of magnitude and proportional to tg
[39,42,43]. An example of the scaling of t* and t¢ with Q for the
mono SiO; ink on the hydrophobic substrate at tage = 250 s is
shown in Fig. 4e, confirming this universal scaling relationship in
both analyzed directions. An example of the scaling of * with Q is
shown in Fig. 4f for tage = 650 s and tage = 1410 s for a filament
printed on the hydrophobic substrate. For tage = 250 s, the acces-
sible Q range was too limited to reliably determine the Q-depen-
dence. For tage = 650 s, (*« Q* with o ranging from 0.12 + 0.04 to
1.77 + 0.65, thus o > 0 for the bare and hydrophobic substrates,
while a = —0.1 for the Crystalbond-coated substrate. For tage =
1410 s, o < O for all substrates with —0.11 > o > —0.3. It has been
reported that for colloidal gels * may exhibit a non-monotonic
behavior with Q, with a maximum at Q" corresponding to the
particle size or interparticle bond [42]. In our case, the particle-
particle spacing (refer to section 3.3) in the mono SiO, ink corre-
sponds to Q = 0.0025 A~ Thus, the Q range over which ¥* is
evaluated is close to the presumed peak position and one can
generally expect a weak Q-dependence, with a transitioning from
positive to negative values as Q increases. However, here the
observed transition in a is related to tage but within the same Q-
range. Therefore, this transition cannot simply stem from a change
in particle-particle distance and thereby a shift of Q°, as the
particle-particle distance is almost constant for tyge > 600 s (section
3.3), but rather points to subtle changes in the dynamic heteroge-
neities. Trappe et al [42] proposed a simple and generic scaling
argument for the Q-dependence of dynamical fluctuations in glassy
systems. The model is based on the assumption that the fluctua-
tions in the dynamic correlations stem from fluctuations of N, the
total number of events needed to decorrelate the scattered X-rays,
where Nt « NpiopNey With Npjop being the number of correlated
regions (‘blobs’) within the scattering volume and Ne, the number
of events that decorrelate the scattering on the timescale of the

system's relaxation. While there is no theory for the detailed
scaling of Npjop and Ney with Q and the solution might not be
unique, a possible explanation for the observed transition in « in-
volves an increase in the number of correlated regions Npjop, Which
is tantamount to a decrease in the average volume of the correlated
regions (supplementary information, Fig. S4). The underlying
mechanism might be the formation of microcracks and other de-
fects, which are indeed detected for this ink system using X-ray
nanotomography (section 3.4).

3.3. In situ structural analysis: SAXS

The XPCS data sets contain, in addition to the information about
the dynamics, time-resolved SAXS data, which are used to obtain
structural information during the inks’ deposition, relaxation, and
drying processes. Contrary to the dynamics, no anisotropy (&-
dependence) could be detected in a quantitative analysis of the
SAXS patterns.

The mean particle distance, as defined by 2m,/3/2/Q<111>,
Q="1> being the center position of the <111> reflection, (Fig. 5a),
exhibits a distinct drop for 300 s < tage < 600 s that corresponds to
the accelerated power-law gel recovery stage observed for the
mono SiO; ink system and is attributable to volumetric shrinkage as
suggested by the TGA result (Fig. 3e). At the same time, the average
domain size (Fig. 5b), defined by 2m/Qg iy » where Q117> is the
FWHM of the <111> reflection, increases by about 250 nm. This size
increase corresponds well to the mean particle distance and shows
that the domains in this ink grow slightly as the overall volume
decrease takes place.

For the mono SiO; ink system, the form factor P(Q) of the
spherical colloids, measured from a diluted suspension (1 vol% in
water) and fitted to the form factor for spherical particles [64],
reveals a colloid diameter of 237.4 + 0.3 nm with a polydispersity of
about 2% (Fig. S5. supplementary information). The age-dependent
structure factor S(Q,tage) is determined by dividing the measured

256 . =
(@) 'g o----""""" °~\\ (b) coating T
£ 2541 5 8 T 14001 - - none ‘ L
S D, S SEpa—— ) c h H s
¥ s, | 8- & é‘\\ £ 1300 ydrophobic %,_
< 1\ 9 -&- Crystalbond L
+ 250 @ F A
8 < 1200 /
o 248 Bl T | . /
© W 1100 { @-=s=ss=sz=zf= o
£ 246 N R 9 §-=3 “g\::::::‘ it
2244 8 1000 | b
10! 102 103 10! 102 103
tage [s] tage [s]
(c) = 36 8 . (d) 55 [
| e — £
‘%34 T Tl uop i e R !
Pea T N \‘\ - -
S 32 R 1 SR R SN OV
— \ \\_ ] NI o
S 30 S BT T £ 40 coating ‘v\\\- =
S " © A Lk -
© o | E3s & - none A °‘o
L 28 L1 e K= hydrophobic )
S | 301 -&- Crystalbond =1
26 - : - . . . -
10° 10! 102 103 10° 10! 102 103
tage [S] tage [S]
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and radially averaged SAXS intensity 1(Q, tage) by P(Q,tage), where
P(Q,tage) is the previously determined form factor corrected by an
age-dependent background arising from the changing electron
density in the solvent mixture due to the evaporation of water with
time. The identified structure factor peaks follow approximate ra-
tios of Q/Q; =1:+/4/3:./8/3 (supplementary information),
indicative of the nearly monodisperse spheres being packed into a
face-centered cubic (FCC) arrangement. A noticeable shift in peak
positions toward larger Q with increasing tage indicates that the
lattice parameter of the FCC packing is getting smaller as water
evaporates from the ink after deposition, as shown in Fig. S5b. in
supplementary information.

In contrast, for the branched SiO; ink system, the large poly-
dispersity of the fumed silica aggregates suppresses distinct form
factor oscillations even in a dilute (1 vol%) suspension. For this
corresponding ink system, only a broad structure factor peak can be
observed in the [(Q). Contrary to the monodisperse case, there are
little changes in the observable features as solvent evaporates, and
hence the structure factor was determined as S(Q,tage) = I(Q,tage)/
lailute(Q). The correlation length (27/Q.) and domain size (27/
QfWHM) obtained by fitting S(Q,tage) to a pseudo-Voigt function are
shown in Fig. 5¢, d, respectively, where Q. is the center of the
pseudo-Voigt and QfWHM jts FWHM. Despite the formation of
branches between silica aggregates, this ink does not develop a
structural order beyond an average nearest neighbor distance. As
for mono SiO,, the correlation length and domain size change
noticeable for 300 s < tage < 600 s, corresponding to a loss of =20%
in the ink's water content according to the TGA (Fig. 3e). With the
correlation length decreasing by about 20%, the domain size also
increases by about 30%.

Thus, the two inks exhibit a very different structural evolution:
the mono SiO; ink only slightly increases its packing density, while
growing the average domain size during solvent evaporation,
increasing the energy barriers for the required larger scale struc-
tural rearrangements. In contrast, the branched SiO, ink signifi-
cantly increases its packing density, starting from a lower volume

concentration than that of the mono SiO»ink, while its already poor
ordering further decreases. Moreover, despite its branching nature,
the branched SiO, ink displays a much more ‘fluid’ behavior, that is,
branches are broken and reformed easily to accommodate volume
shrinkage, in accordance with the breaking and reformation of
branches under modest shear observed in the dynamics during
extrusion and deposition.

Contrary to the dynamics, the average structural evolution of
the two ink systems, as probed by SAXS, only shows little variation
with substrate coating, indicating that the observed behavior is
dominated by the characteristics of the bulk material. Nevertheless,
a direct correlation can be established regarding the mechanical
properties of the coatings and their chemical affinity with the inks.
It is observed that those substrates with higher chemical affinity
(uncoated) and with higher elastic moduli (i.e. harder materials,
namely uncoated and hydrophobic coated) present higher resis-
tance to the inks (colloid) motion, in turn exhibiting higher nearest-
neighbor distances for a given age time. In contrast, the Crys-
talbond-coated substrates being a highly mobile resin-like
material exhibit the least resistance to microstructural rearrange-
ments (for both ink systems). This result is tightly related to the
wetting properties of the inks’ solvent mixtures, where the largest
work of adhesion W; is measured for the uncoated and the smallest
for the hydrophobic-coated substrates.

3.4. Ex situ structural analysis: electron and X-ray microscopy

The original structural characteristics of the colloids (i.e.
branched vs monodisperse, primary particle and aggregate size)
strongly influence the printed filaments' mesostructure evolution
and defect formation as noted from the time-resolved SAXS results.
Moreover, after annealing the structures at 700 °C for 20 min, the
filaments’ cross-sections on the uncoated substrates (see low
maghnification electron microscopy images, Fig. 6a, d) exhibit signs
of strong pinning to the substrate, volumetric contraction, and, in
the case of the mono SiO; ink system, macroscale dislocations. The

Fig. 6. Ex situ electron microscopy characterization of printed structures on uncoated substrates after annealing at 700 °C for 20 min, from inks with monodisperse colloids (mono
SiO, ink) (a—c) and branched colloids (branched SiO, ink) (d—f). Arrows in (a) and (d) indicate (1) pinning to the substrate, (2) volumetric contraction, and (3) macroscale dis-
locations. ‘Rope’-like structures observed around the printed filament in (d) correspond to conductive Cu-tape used to improve the evacuation of electric charges that accumulate in
dielectric materials such as SiO, during SEM observation. SEM images (b) and (e) show the self-assembled cross-section at ~ 50 um from the ink/substrate interface. TEM images (c)
and (f) correspond to cross-sections at ~1—5 pum from the ink-substrate interface. SEM, scanning electron microscopy. TEM, transmission electron microscopy.
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latter are likely to have occurred during the later jamming transi-
tion (tage > 300 s), where the strong temporal heterogeneities were
observed accompanied by significant solvent evaporation, causing
the colloids to come into close contact and the relaxation behavior
to be dominated by dynamic heterogeneities. In addition, in images
(c) and (f), the final colloidal assembly shows different packing
patterns, where the monodisperse colloids exhibit a closed packing
(resembling hexagonal lattice arrangements), and the branched
colloids form a porous interconnected structure. In the case of the
mono SiO, ink system, these observations can be readily correlated
with the SAXS results that indicate the nearest neighbor distance
decreases at around 600 s, while at the same time the domain size
increases from about four to five colloid units. Keeping in mind that
the heat treatments may affect the colloidal mesoscale assembly, a

Low

structure containing domains of five colloidal units with a mean
interparticle distance of about one colloid diameter can only be
found when the close packed configuration is attained. Such
mesoscale structure, formed during the postdeposition stages of
the ink's relaxation, will therefore serve as the ‘seed’ assembly
patterns of the materials microstructure and dictate their hierar-
chical ordering and complexity.

X-ray nanotomography analysis of both mono SiO, and
branched SiO; filaments annealed at 700 °C for 20 min are shown in
Fig. 7. These specimens have been prepared from the central region
of the filament next to the substrate interface using FIB (section
2.3). As shown in the Fig. 7a, a large crack (highlighted in yellow)
exists in the mono SiO, sample. Colloids are colored in blue. The
large crack runs through the cropped region transversely, parallel

== High
X-ray attenuation

Fig. 7. X-ray nanotomography characterization of printed structures after annealing at 700 °C for 20 min, from monodisperse colloids by (a) 3D volume visualization and (b) pseudo
cross-section view and branching colloids by (c) 3D volume visualization and (d) pseudo cross-section view.
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to the deposition direction and to the substrate. There are also a few
smaller cracks distributed along the vertical direction. These can be
better visualized from pseudo cross-section images as shown in
Fig. 7b, represented by a darker gray color. The length of the smaller
cracks is ~5 pum. The color in the pseudo cross-section images
represents the different X-ray attenuation levels (higher attenua-
tion corresponding to lighter shades of gray). In contrast, no
obvious cracks were observed in the specimen from branched SiO,
inks. This important difference can be attributed to the intrinsic
aggregating character of the branched colloids that form a strong
interconnected network (as observed from the transmission elec-
tron microscopy (TEM) images), in addition to their smaller pri-
mary and aggregate particle size, which may result in more
favorable conditions for neighboring particle to coalesce. In addi-
tion, the FCC colloidal assembly in the mono SiO, ink potentially
favors the propagation of cracks along high-density planes. The
specimens used for the X-ray nanotomography are representative
samples in the sense that they were prepared from the same fila-
ments deposited during the X-ray experiments and intersect the X-
ray scattering volume in the bulk of the material. Therefore, they do
not highlight any surface effects that would in turn only contribute
marginally to the X-ray scattering signal. Because the total filament
volume sampled by X-ray nanotomography is relatively small, it
provides qualitative, complimentary information to the X-ray
scattering results, rather than providing a quantitative measure of
the defects.

4. Conclusions

The out-of-equilibrium stages associated with 3D printing of
viscoelastic colloidal inks were investigated in operando by XPCS,
revealing the effects of colloidal structure and substrate properties
on the inks’ mesoscale relaxation processes and structural evolu-
tion near the substrate interface. The bulk properties of the inks,
their interactions with substrates, and the ability of the substrate to
accommodate deformations of the deposited filaments determine
the solidification kinetics of the inks and their final nanoscale and
mesoscale structure. Signatures in the relaxation dynamics, such as
the occurrence of temporal heterogeneities, can be related to
volumetric shrinkage and defect formation by in situ and ex situ
structural analysis.

Our study is aimed at bridging physics and material science,
using state-of-the art X-ray scattering techniques to reveal under-
lying colloid physics in CDW under out-of-equilibrium processing
conditions. Detailed information about the structural and dynam-
ical mesoscale evolution can be extracted from the same time-
resolved coherent scattering data set, making this technique a
good match for this kind of operando/in situ studies. Such an un-
derstanding of the evolution of nanocomposites at length
scales and timescales corresponding to nanoparticle size and dy-
namics may inform multiscale physics simulations of materials
such as colloidal inks under processing conditions. While the pre-
sent study is focused on the ink-substrate interactions, one can
expect similar findings for filament-filament interfaces in 3D
printed multilayer structures, where the properties of the ‘sub-
strate’, that is, the lower filament, will be age dependent.
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