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« A facile pathway to achieve
controllable, rapid stiffening in
aqueous suspensions that are Unreacted
compatible with extrusion-based 3D monomers in
printing.

« Thermoresponsive-concentrated
mineral suspensions are formulated —
using thermally triggered epoxy-thiol Thermal
condensation-polymerization .
reactions. Stimulus

« Thermal latency, tunable induction
period, and rapid stiffening are
realized in concentrated mineral Post Printing
suspensions.

« Suspensions exhibit rapid Crosslinked
solidification in timescales of seconds polymer network
to minutes upon bulk thermal binding particles
activation, achieving average 0 40 80 120 160
stiffening rates up to 400 Pa/s. Temperature (°C)

« Offer new pathways to overcome the
limitations of traditional suspension-
based printing and expand the design
and production space accessible for
architected structural components.
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ARTICLE INFO ABSTRACT

Article history: Extrusion-based 3D printing with rapidly hardening polymeric materials is capable of building almost
Received 20 November 2021 any conceivable structure. However, concrete, one of the most widely used materials for large-scale
Revised 24 April 2022 structural components, is generally based on inorganic binder materials like Portland cement. Unlike
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polymeric materials, a lack of precise control of the extent and rate of solidification of cement-based sus-
pensions is a major issue that affects the ability to 3D-print geometrically complex structures. Here, we
demonstrate a novel method for controllable-rapid solidification of concentrated mineral suspensions
that contain a polymer binder system based on epoxy and thiol precursors as well as one or more mineral
fillers like quartz and calcite. The thermally triggered epoxy-thiol condensation polymerization induces
rapid stiffening of the hybrid suspensions (0.30 < ¢ < 0.60), at trigger temperatures ranging between
50 °C and 90 °C achieving average stiffening rates up to 400 Pa/s. The use of nucleophilic initiators such
as 1-methylimidazole provides control over the activation temperature and curing rate, thereby helping
to achieve an adjustable induction period and excellent thermal latency. By using multiple techniques,

we provide guidelines to create designer compositions of mineral suspensions that utilize thermal trig-
gers to achieve thermal latency and ultrafast stiffening — prerequisite attributes for 3D-manufacturing of
topologically-optimized structural components.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With a growing demand for more complex construction compo-
nents and a general trend towards prefabrication of structural
components, slurry-based 3D printing is a promising additive man-
ufacturing method capable of outperforming conventional con-
struction practices. Slurry-based 3D printing reduces material
utilization, enables higher geometrical complexity, shortens con-
struction time, decreases labor demand, simplifies construction
logistics, and lowers construction costs [1-5]. To significantly
reduce material consumption in construction, a promising
approach lies in topologically-optimized structures obtained via
additive  manufacturing processes [6,7]. However, the
topologically-optimized structures are often geometrically more
complex, having spatially inclined parts within the structure
[8,9]. Printing of spatially inclined members in a structure usually
requires an overhang (i.e., the portion of the subsequent extruding
layer beyond the length of the previously printed layer), and the
extent of the overhang is limited by the rate of stiffening of print-
ing slurry. A central issue that impedes the implementation of
layer-wise extrusion-based 3D printing for geometrically complex
structures is the slow and difficult to control evolution of the
mechanical properties (e.g., yield stress, elastic modulus, and stiff-
ness) of slurry-based “printing inks” following their deposition
[10-14]. Rheology control and the optimal stiffness evolution are
essential factors that govern the printability of structures and are
often used to predict printability [10-12,15-19]. The slow fluid-
to-solid transition of typical inorganic mineral binders greatly
restricts the palette of printable geometries, especially of struc-
tures with overhangs, limiting achievable architectures. To truly
exploit the opportunities unlocked by generative design, topology
optimization, and 3D printing, it is essential to develop printable
compositions that can undergo rapid stiffening in a manner of sec-
onds to minutes, thereby turning into a “semi-solid” that can bear
its own weight and the subsequent few layers above it.

Layered extrusion with cementitious suspensions (i.e., concrete
3D printing) requires slow stiffness build-up before extrusion (i.e.,
during storage and pumping) followed by rapid stiffening after
deposition. In typical cementitious suspensions, the extent and
rate of solidification depend on the hydration of cement along with
a minor contribution of colloidal flocculation [20]. Various
approaches for hydration control have been attempted to ensure
structural stability during concrete 3D printing, including a variety
of mineral binder compositions (i.e., ordinary Portland cement, cal-
cium sulfoaluminate cement, calcium aluminate cement) [21,22],
use of various organic admixtures (e.g., set accelerators and retar-
ders) [23] and set-on-demand admixtures (i.e., controlled activa-
tion of hydration shortly before material deposition) [14].
However, use of engineering cement-based printing slurry formu-
lations to induce a controllable ultrafast stiffening or achieve pre-

cise control over the yield stress/ strength evolution to the degree
required for additive manufacturing of a wide range of structures
while relying exclusively on the hydration of cement remains chal-
lenging [12,23].

Active control approaches, wherein external stimuli, including
mechanical, photochemical, thermal, pressure, electric, magnetic,
and microwave interventions, are applied anytime during or after
the deposition of the ink to control the stiffening process [24], have
afforded significant acceleration and greater control over the fluid-
to-solid transition during 3D-printing [25-30]. For example, con-
trollable stiffening in polymerizable mineral suspensions has been
extensively used in gel casting [31,32], ceramic stereolithography
[29,30], and tape casting [33]. In such polymerizable mineral sus-
pensions, heat or UV irradiation is used to initiate a polymerization
reaction that induces gelation in the suspension. While rapid fluid-
to-solid transitions have been obtained in photo-polymer based
systems [29,30], these approaches are not scalable for the produc-
tion of opaque, low-surface to volume ratio, and often poorly (ther-
mal and electrical) conductive structural materials. New
approaches for triggering controllable rapid solidification in
cementitious suspensions are therefore necessary to enable addi-
tive manufacture of topology optimized structural components
that demand rapid hardening and high early strength.

In this paper, we demonstrate a methodology and design strat-
egy for utilizing thermal triggers to compose concentrated-mineral
suspensions that achieve desirable thermal latency, have a tunable
induction period, and demonstrate ultrafast stiffening - prerequi-
sites for 3D-manufacturing of architected structural components
for construction. We demonstrate mineral suspensions that exhibit
an adjustable induction period at room temperature to provide
workability, followed by ultrafast fluid-to-solid transitions and
stiffening upon imposition of a thermal activation at trigger tem-
peratures ranging between 50 °C and 90 °C. Such activation is
achieved by exploiting the temperature dependence of 1-
methylimidazole catalyzed thiol-epoxy “click reactions”. The basic
concept is as follows: once heated above the activation tempera-
ture, the reaction of a thiol and an epoxy group, initiated using
an appropriate base (e.g., hydroxides or tertiary amines), yields
B-hydroxythio-ethers [34-38]. The thiol-epoxy reaction is strongly
autocatalytic and progresses rapidly once initiated due to the for-
mation of alkoxide anions generated during the reaction that facil-
itate the ring-opening of the epoxides [34,36,39,40]. This reaction
pathway offers a facile route to control the thermal latency and
stiffening rate of mineral suspensions. Based on this approach,
we achieve rapid stiffening in aqueous suspensions that are amen-
able to extrusion-based additive manufacturing process by: form-
ing a thermoresponsive concentrated-aqueous suspension;
applying controlled heating in the print nozzle to achieve rapid
stiffening during extrusion; and exposing the structural compo-
nent to post-curing for further strength gain. Taken together, the
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outcomes of this work offer new pathways to overcome the limita-
tions of traditional suspension-based printing and expand the
design and production space accessible for manufacturing com-
plex, topologically optimized structural components for
construction.

2. Materials and methods
2.1. Materials

Waterborne epoxy resin EPI-REZ 7510-W 60 was obtained from
Hexion Chemicals' (epoxy equivalent weight = 197 g eq~"" density
at 25 °C: 1100 kg m~3). EPI-REZ 7510-W 60 is a nonionic, aqueous
dispersion of bisphenol A epoxy resin particles (1 pm — 2.2 pm)
comprising ~61 mass % solids. GABEPRO GPM-800, a mercaptan-
terminated liquid crosslinking agent (thiol equivalent weight:
250 g -333 g eq” !, density 1150 kg m~>) was obtained from Gabriel
Chemicals. The nucleophilic initiator 1-methylimidazole (MI) was
obtained from ACROS Organics. Two different polydisperse mineral
particulates were used to prepare the thermosensitive suspensions
including commercially available quartz (a-SiO,, MINUSIL 5, U.S. Sil-
ica, density = 2650 kg m~>) and limestone (calcite [CaCO3;] OMYA-
CARB UF - FL, Omya Inc., density = 2710 kg m~3). All chemicals
were used as received.

The particle size distributions of the particulates were mea-
sured on dilute suspensions of particles (0.002 vol%) in deionized
water using static light scattering (SLS; Partica LA-960A2, Horiba).
The median particle diameter (dsg) of the quartz was 1.95 pm = 0.
005 pum and for the calcite particles, dsp = 2.01 pum #* 0.01 pm. The
uncertainty represents the standard deviation based on three repli-
cate measurements. A commercially available polycarboxylate
ether-based dispersant (MasterGlenium 7500, Master Builders
Construction Chemicals) was dosed at 0.5 % (ratio of dry mass of
dispersant to mass of mineral particulates) to disperse the
hydrophobic thiol crosslinking agent in water and improve partic-
ulate dispersion in the suspension.

2.2. Sample preparation

Resin mixtures with different thiol-to-epoxy mass ratios, r,
ranging between 0.50 and 1.5 were prepared. The initiator propor-
tion, x, was varied between 1 and 5 % (ratio of mass of initiator to
dry mass epoxy resin). The mixtures were stirred until a
homogeneous-milky dispersion was obtained and tested immedi-
ately to study the curing behavior. Thermoresponsive epoxy-
thiol-mineral particulate suspensions comprising one or more
mineral particulates were prepared at varying solid volume frac-
tions (¢) ranging between 0.30 and 0.60 in a multistep procedure.
First, the polymeric dispersant was added to deionized water, fol-
lowed by the required amount of thiol crosslinking agent, calcu-
lated as per the mixing ratio, r. The mixture was then stirred
thoroughly using a four-blade impeller-type mixer (RW 20 Digital,
IKA) at 500 rpm to disperse the thiol in water. The epoxy resin and
the required proportion of the initiator were then added to the dis-
persion and stirred using the mixer to produce a homogeneous dis-
persion. Subsequently, varying amounts of mineral particulates
were added to the epoxy-thiol dispersion and the mixture was stir-
red for 300 s using the mixer. Cuboidal “beam” geometries were
prepared using the thermoresponsive suspensions for mechanical

! Certain commercial equipment, software and/or materials are identified in this
paper in order to adequately specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the equipment and/or materials
used are necessarily the best available for the purpose.
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strength testing by casting in a rectangular mold followed by cur-
ing at 90 °C for 24 h.

2.3. Differential scanning calorimetry

A differential scanning calorimeter TA Instruments DSC25 was
used to study the curing kinetics of the thermoresponsive formula-
tions. Since the epoxy-thiol resin mixture and suspensions contain
water, the water evaporation endotherm masked the exothermic
peaks associated with the thermoset curing in the DSC data. Hence,
DSC analyses were carried out in high pressure capsules that can
withstand pressures up to 10 MPa to separate the overlapping
thermal events by delaying the evaporation of water. Any effect
of the build-up pressure on the curing kinetics was assumed to
be marginal. Approximately 20 mg of sample was placed in the
high-pressure capsule and cured using different heating rates
between a low temperature of 35 °C to a high temperature of
220 °C in an inert-N, atmosphere. The exothermic heat of reaction,
Ahgq (i.e., the enthalpy of reaction) was calculated by integration
of the calorimetric signal. The cure conversion « (i.e., the calori-
metric degree of curing) was estimated as oo = Ah/Ah,,, where
Ah is the reaction heat released up to a temperature T. The non-
isothermal cure curves at {2, 5, 10, 15, and 20} °C/min were used
to analyze the curing kinetics and estimate the activation energy,
E,, as a function of the cure conversion, o, using the model-free
integral isoconversional method [41]. Further details regarding this
method are provided in Section B of the Supporting Information.

2.4. Rheology

Thermal latency and the stiffening response of the thermore-
sponsive suspensions were assessed by rheology measurements
on freshly prepared suspensions using a combined motor-
transducer rheometer (Discovery HR-2, TA Instruments). The
rheometer was equipped with a Peltier concentric cylinder jacket
for temperature control and a solvent trap to minimize water evap-
oration. A four-bladed vane in cup geometry was used to perform
small amplitude oscillatory shear (SAOS) analyses. The suspensions
were subjected to a small amplitude oscillatory temperature ramp
with a steady temperature increase from 25 °C to 90 °C. The ther-
moresponsive solidification behavior of the suspensions was mon-

itored by the evolution of their elastic modulus G with
temperature. To ensure a uniform temperature and to minimize
the thermal lag, temperature ramp measurements were performed
at a ramp rate of 2 °C/min.

Before temperature ramping, all suspensions were pre-sheared
at 100 s~ ! for 60 s and then relaxed for 60 s to homogenize the sus-
pension and to eliminate shear history effects. The water content of
the suspensions was assessed before and after the rheology mea-
surements using thermogravimetric analysis (TGA: STA 6000, Per-
kin Elmer) and showed an average change of < 2 and < 5% by mass,
respectively, for suspensions with and without incorporating ther-
moset resins. Thus, the impact of water evaporation was assumed
to be minimal. Thermal latency was assessed using the oscillatory
shear rheology at a controlled temperature of 25 °C, and the tem-
poral evolution of G was monitored for a period of up to 2 h. The
oscillatory rheology measurements were performed at a fixed
angular frequency of 6.283 rad/s and the strain was fixed at 0.5 %.

2.5. Flexural strength

The flexural strength of the cured composites was evaluated in
3-point bending using an Instron 5564 Universal Material Testing
machine equipped with a 1 kN load cell. At least six beam samples
were tested for each formulation. The testing was carried out on
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50 mm (length) x 7 mm (width)x 4 mm (thickness) samples at a
constant displacement rate of 0.5 mm/min with a span length of
20 mm until fracture. The load-displacement curves were

recorded, and the flexural stress was evaluated as o7 = 3Fl/2bd’,
where F is the failure load, [ is the span length, b is the beam width,
and d is the beam thickness. The span length-to-depth ratio (I//d)
used for the flexural testing was 5 as opposed to the 13.33 pre-
scribed in ASTM C1161. The smaller I/d can produce wedging stres-
ses (i.e., the local stresses under the loading point) that modify the
stress distribution on the opposite surface (the tensile side) and
cause an increase in the force required to produce a given level
of thin-beam flexural stress [42]. The wedging stress may cause
the test samples to appear stronger than estimated by thin-beam
analysis. Therefore, a correction factor of 0.90 was applied to mit-
igate the overestimation of the flexural strength [43].

3. Results and discussion

3.1. Controlling thermal latency and the degree of curing of epoxy-thiol
mixtures

The curing kinetics of epoxy-thiol resin mixtures without min-
eral particulates was assessed to optimize the thiol-to-epoxy mix-
ing ratio r and the initiator dosage x. Fig. 1a shows DSC
thermograms for epoxy-thiol resin mixtures with different ratios
r (at constant initiator dosage x = 1% by mass of resin). These ther-
mograms depict the 1-methylimidazole (MI) catalyzed epoxy-thiol
curing reaction as comprising two processes: a sharp exotherm
representing a fast curing reaction occurring at low temperatures
and a second broader exotherm indicating slower curing taking
place at higher temperatures [44,45]. The first curing exotherm
corresponds to MI-catalyzed epoxy-thiol curing and the sharp peak
suggests a rapid curing kinetics [44,46]. The second peak at higher
temperatures corresponds to MI-catalyzed anionic homopolymer-
ization of the excess epoxy groups in formulations with a deficit
of thiol groups [44,47].

The relative contributions of the first and the second curing pro-
cesses depend on the thiol-to-epoxy mixing ratios, r (Fig. 1a).
Table 1 lists the different curing and thermal characteristics of
the epoxy-thiol mixtures with different r measured at 10 °C/min.
The contribution of the epoxy-thiol reaction to the overall reaction
heat, Ahpyy is 0.99 for r= 1.5. This represents a near-
stoichiometric mixture achieving nearly complete epoxy cure con-
version o after the thiol-epoxy reaction (note: the theoretical value
of r, based on the thiol and epoxy equivalent mass values, lies in
the range between 1.3 and 1.7). In all the formulations with r less
than the stoichiometric ratio (i.e., r < 1.5), unreacted epoxy groups
remain after the completion of the thiol-epoxy reaction. The
epoxy-thiol curing process was measured to start at nearly identi-
cal onset temperatures (Tonse) for all thiol-to-epoxy ratios r stud-
ied, suggesting a reaction mechanism based on initiation by
thiol/amine proton exchange [39,48].

The calorimetric cure conversion (o) curve (Fig. 1b) depicts the
separation of the two cure processes and the difference in their
reaction rates (Fig. 1b). The disparity between the reaction rates
of the epoxy-thiol and epoxy homopolymerization processes is
ascribed to the variation in the activity of the zwitterion that is
formed as a result of the nucleophilic attack of the imidazole on
the epoxy ring upon initiation (see reaction 1 in Scheme 1) in the
presence of thiol groups [44]. In the presence of thiol groups, a fast
acid-base proton exchange between the zwitterion leads to the for-
mation of thiolate anions (reaction 2) which open the epoxy ring
via nucleophilic attack to form an alkoxide anion (reaction 3)
[44]. Subsequently, a fast proton transfer takes place from a thiol
group (or from the B-hydroxylimidazolium cation, which is formed
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in reaction 2), to yield the p-hydroxythioether. The proton transfer
reaction that regenerates the initiator (reaction 5) proceeds at a
significantly faster rate than the nucleophilic attack of the alkoxide
anion on the epoxide ring [34]. Additionally, the transfer of a pro-
ton from thiols is three orders of magnitude faster compared to the
transfer from secondary alcohols [34,49]. Thus, the concentration
of alkoxide anions remains very low and the epoxy homopolymer-
ization does not occur. However, in the absence of thiol groups in
the system, the rapid acid-base proton exchange reactions cannot
occur, and the slower epoxy homopolymerization becomes the
dominant reaction. For further details regarding the homopoly-
merization reaction see Scheme 1 in the Supporting Information
[36,44].

The DSC thermograms in Fig. 1a depict the activation of the
epoxy-thiol condensation reaction only upon reaching a specific
temperature, suggesting the slow generation of active species
and an induction period that can be controlled to ensure “thermal
latency”. Often, base-catalyzed epoxy-thiol reactions are difficult
to control as they start immediately after the components are
mixed, and are strongly autocatalytic [35,50]. The thiol-epoxy
reaction is strongly autocatalytic due to the formation of
hydroxyl-group-containing species (i.e., the p-hydroxythioether)
generated during the reaction, and which can, in turn, participate
in proton exchange reactions that facilitate the ring-opening of
the epoxides [34,36,39]. In base-catalyzed epoxy-thiol reactions,
a higher rate of production of initial thiolate anions and the con-
comitant increase in the formation of p-hydroxythioether lead to
a poor thermal latency and short induction period. In contrast,
nucleophilic initiators with low basicity, such as MI [44] and ben-
zyldimethylamine [34] induce a slow initiation process and a sub-
sequent strong auto acceleration up to the completion of curing at
relatively lower temperatures. Imidazoles, in particular MI, also
initiate anionic epoxy homopolymerization [47]. Herein, the nucle-
ophilic initiator MI was found to initiate the epoxy-thiol curing
reaction slowly, providing control over the curing process and a
longer induction period [34,44].

The activation energy,E,, for the epoxy-thiol mixture decreased
with an increase in epoxy-thiol cure conversion (see Section C and
Figure S1 in the Supporting Information). The higher initial E,
reflects the difficult and slow initiation leading to a longer induc-
tion period and a decrease in E, with increasing cure conversion
reflect the autocatalytic nature of the polymerization reaction
[39]. Further, a higher dosage (x) of the initiator resulted in a lower
Tonser and improved cure rates (Fig. 1c); in the absence of the initia-
tor, Tonsee wWas the highest and the high-temperature epoxy
homopolymerization did not occur over the studied temperature
range (Fig. 1c).

Thus, the onset and rate of stiffening as well as the thermome-
chanical properties of the material can be tailored by controlling
the extent of the epoxy-thiol condensation and epoxy homopoly-
merization by tuning the thiol-epoxy mixing ratio (r) in the formu-
lation (Fig. 1a and 1b) and initiator dosage (x) [44]. The use of
excess epoxy groups in epoxy-thiol formulations yields substantial
improvements of the thermal and mechanical properties emerging
from the tighter network structure resulting from the epoxy
homopolymer, yielding a higher glass transition temperature (see
Table 1) [44,46,49]. In these compositions, the stiffening onset
temperature, the extent of stiffening, and the stiffening rate are
all primarily governed by the extent of epoxy-thiol polycondensa-
tion reaction, while the final mechanical strength of the completely
cured formulations is controlled by the extent of the epoxy
homopolymerization reactions. Hence, it is possible to design mix-
ture compositions that can produce: 1) targeted epoxy-cure con-
version and gelation after the first curing stage (i.e., for the rapid,
low-temperature epoxy-thiol curing reaction), and 2) targeted
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Fig. 1. (a) DSC thermograms and (b) calorimetric epoxy cure conversion (o) curves illustrating the curing of epoxy-thiol resin mixture formulations with different thiol-to-
epoxy mixing ratios, r and fixed initiator dosage x = 1 % by mass of resin; (c) DSC thermograms of epoxy-thiol mixture formulations with different x and a fixed r = 1. All the

nonisothermal DSC data presented above were collected at a temperature ramp of 10 °C min,

Table 1

-1

Thermal analyses of epoxy-thiol resin mixture formulations with different thiol-to-epoxy mass ratios (r) and fixed initiator dosage (x = 1 % by mass of resin) collected at a
temperature ramp of 10 °C/min. Here, the epoxy-thiol curing onset temperature (Tone), Maximum peak temperature (Tpeq), total heat of reaction (Ahu), epoxy thiol
contribution (i.e., Ahpea1/Ahyo) Were estimated using freshly prepared mixtures. The glass transition temperature (Tg) and the temperature of 10 % mass loss (Tqoy) Were

estimated from samples that were cured at 90 °C for 24 h.

r(-) Tonset(°C) (Peak 1) Tpear(°C) (Peak 1) ARhyorai(J/g) (Peak 1 + Peak 2) Epoxy/thiol contribution Tg(°C) T10%(°C)

0.50 65.8 0.1 75.7 £ 0.1 205.9 + 2.0 0.41 56.9 £ 0.2 336.8 £ 3.7

0.75 68.1% 0.4 792 +05 196.6 + 1.4 0.60 382 %04 331.8 + 1.6

1.00 67.1£03 80.4 £ 0.9 1985 £ 4.6 0.77 263:05 328.5 + 0.6

1.40 67.7 £ 1.5 825+ 1.9 197.5 + 6.4 0.97 13.9+1.2 3207 £1.2

1.50 68.9 * 1.4 843+1.0 197.1 £2.3 0.99 14.120.9 3178+ 1.6
mechanical strength upon completion of the epoxy Interestingly, suspensions of different mineral particulates
homopolymerization. exhibited significant differences in their thermostiffening response

3.2. Thermomechanical behavior of mineral suspensions

The thermoresponsive stiffening of the epoxy-thiol formula-
tions was harnessed to induce thermally-triggered stiffening in
mineral suspensions. Fig. 2a shows the evolution of the storage

modulus G of concentrated suspensions of quartz, calcite, and a
40/60 mixture of quartz and calcite, with temperature. In all cases,

G remained essentially unchanged below a critical temperature
(i.e., stiffening onset temperature, T., estimated as the temperature
at which dG'/dt > 10 Pa/s from the baseline) and an abrupt

increase in G was observed when heated beyond T.(see Fig. 2b).
These thermostiffening responses are in stark contrast to the ther-
mal response of suspensions without the thermoset resin that do

not exhibit any appreciable increment in the value of G with tem-
perature (see inset of Fig. 2a). Similar trends were observed in the

dynamic loss modulus (G") and the complex viscosity (In*]) across
all suspensions, and the material response remained predomi-

nantly elastic (i.e., G > G ). The increase in dynamic moduli and
viscosity beyond T. is a direct result of the epoxy curing and poly-
mer network build-up within the suspension matrix. As curing
proceeds, the number of crosslinks in the polymer network and
the gel fraction increase, forming a rigid 3D network around the
mineral particles [51]. The crosslinked polymer networks increas-
ingly resist the deformation and relaxation of the particle aggre-
gates network, thereby restricting shear deformation and
inducing a fluid-like to solid-like transition in the suspensions.

(Fig. 2a and 2b). The thermal latency, the induction period, T, the
fluid-to-solid transition temperature window and the stiffening
rate all depended on the type of mineral particulates and the solid
loading (¢) in the suspensions (Fig. 2b). These variations can be
attributed to, but not limited to, the differences in ¢, the dispersion
state of mineral particles, particle size, particle shape, resin-
mineral interactions, and the pH of the suspending medium, which
in turn can influence the gelation kinetics [52-56]. Notably, resin
incorporation into the mineral suspensions also resulted in a sub-

stantial increase in the low temperature G in calcite and quartz-
calcite binary mixture-based suspensions. This could be ascribed
to the enhanced aggregation of calcite particles around a pH of
8.2, which is close to its isoelectric point (IEP) in the pH range of
8-9.5 [57]. Nevertheless, it is evident that the epoxy-thiol resin
mixture formulations can be adjusted to produce rapid, low tem-
perature curing reactions irrespective of the mineral particles. A
one-to-one correspondence between the progress in curing and
stiffening is evident in Fig. 2c. A comparison of the evolution of
G and the cure conversion o at the same heating rate (2 °C/min)
for quartz suspensions (¢ = 0.30) demonstrates that the sharp
increase in modulus takes place only after achieving a threshold
epoxy cure conversion. Here, the critical Temperature T, ~ 70 C
estimated from the G evolution corresponds to an epoxy cure con-
version of « = 0.40. Theoretically, gelation should occur at a certain
o that depends primarily on the functionality of the epoxy and the
thiol curing agent [58]. But, in addition to the resin and crosslink-
ing agent functionality, solid content, particle size, particle shape,
suspending medium, and use of surface treatments all affect o
[52,59].
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Fig. 2. (a) SAOS results illustrating the variation in elastic modulus G with temperature for different thermo-responsive suspensions across a range of solid loadings: quartz
(¢ = 0.40), calcite (¢ = 0.45), 40/60 quartz-calcite mixture (¢ = 0.60). The inset shows the G variations with temperature for suspensions without resin. (b) Evolution of rate

of change of G (i.e., dG /dt) as a function of the temperature; (c) Illustration of the evol

ution of the elastic modulus and epoxy-thiol cure conversion in quartz suspension (¢ =

0.30) subjected to an identical heating rate. Note: for all data presented above, G evolutions were recorded during SAOS measurements with a temperature ramp of 2 °C/min.
The epoxy-thiol conversion was estimated by integrating the DSC thermograms for a temperature ramp of 2 °C/min. For all the thermosensitive suspension formulations,
resin dosage, p = 10 % by mass of mineral particulates; initiator dosage, x = 5 % by mass of resin, thiol-epoxy mass ratio, r = 1.

3.3. Optimizing thermoresponsiveness of mineral suspensions

Optimizing suspension formulations is necessary to reduce cost
and augment the performance of thermosensitive materials. Here,
near-inert quartz suspensions (i.e., very low dissolution rate) were
chosen to illustrate and tailor thermoresponsive behavior and to
elucidate the influence of solid volume fraction, resin content, ini-

tiator dosage, and the thiol-epoxy mixing ratio on the stiffening
rate and mechanical strength of the cured composites. For
instance, the thermally triggered stiffening of the mineral suspen-
sions was affected by the solid volume fraction (¢ = 0.30-0.45; see
Fig. 3a and Figure S2a in the Supporting Information). T, reduced,

and G increased at a faster rate upon activation of polymerization
reactions with increasing ¢ (Fig. 3a). Similar behavior has been
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Fig. 3. (a) SAOS results showing the evolution of the rate of change of elastic modulus G (i.e. dG /dt) with temperature for quartz suspensions for different ¢. The inset plot
shows DSC thermograms at 5 °C/min for epoxy-resin mixture and quartz suspensions for different quartz contents (resin dosage, p=10 % by mass of quartz, initiator dosage,
x =5 % by mass of resin, thiol-epoxy mass ratio, r = 1); (b) SAOS results illustrating the variation in G with temperature for quartz suspensions with different resin dosages p.
The inset plot shows G’ evolution in log scale illustrating the reduction in low-temperature modulus with increasing p (with ¢ = 0.40,r = 1 and x = 5 %); (c) Variation in G of
quartz suspensions as a function of temperature for formulations with different thiol-to-epoxy mixing ratios, r. The inset plot shows variations in the average stiffening rate
(i.e., stiffening rate above T is averaged) as a function of r(with ¢ = 0.40, p = 10 % and x = 5 %); (d) An illustration of the variation in flexural strength of cured composites (for
40/60 quartz-calcite mixture suspensions with ¢ = 0.50, 0.55 and 0.60, p = 10 % and x = 5 %) as a function of r.

previously reported for epoxy resin systems with silica fillers
[52,60,61]. Insights into the physical underpinnings of these trends
were sought by monitoring the curing kinetics of the epoxy-thiol
resin mixtures and the epoxy-thiol-quartz suspensions with vary-
ing ¢. The exotherm height and area decreased while the peak
exotherm temperature shifted to higher values for the epoxy-
thiol-quartz suspensions as compared to the epoxy-thiol mixture
(see inset of Fig. 3a). The decrease in the exotherm height and area
is a consequence of the decreasing proportion of epoxy resin in the
sample as the DSC heat flow signals are normalized with respect to
the total mass of the sample. The broader epoxy-thiol curing
exotherms of the suspensions as compared to a relatively sharper
exotherm of the epoxy-thiol mixture suggest a slower cure reac-
tion rate in suspensions. The retardation of the cure reaction and
shift to higher temperatures in the mineral suspensions can be
attributed to dilution effect (by the filler) and the increased viscos-
ity of the formulation [52,62,63]. However, the total heat of epoxy-
thiol cure reaction Ah per epoxy equivalent showed no significant
variation for both the systems (the average Ah was found to be
104 kJ/eq * 4 K]/eq). Furthermore, no significant variation in peak
exotherm temperature and the heat of reaction were observed
upon increasing ¢ from 0.30 to 0.40. Thus, while the curing reac-
tion is retarded in the mineral suspensions, the nearly constant

heat of reaction suggests that the presence of the filler does not sig-
nificantly influence the epoxy-thiol network structure formed. In
addition, the decrease in T, with increasing ¢ cannot be ascribed
to faster cure kinetics. Rather, the decrease in T, and the higher
stiffening rate can rather be attributed to a decrease in the value
of o required for the formation of a percolating network within
the suspension. Because the particle aggregates are closer to each
other in suspensions comprising higher ¢, the percolating network
that restricts the particle-aggregate mobility and deformation
forms at lower «, resulting in a reduced T[26,52].

The thermoresponsive stiffening of the suspensions became
increasingly evident as the resin loading in the suspension was
increased (Fig. 3b). At the same time, the initial elastic modulus
(i.e., low-temperature modulus) decreased as the resin content
increased, suggesting an improved dispersion state of quartz parti-
cles [64]. The increase in resin content builds a denser crosslinked
polymer network and binds the particle aggregates together,
thereby enhancing thermo-stiffening. Thus, the resin dosage plays
an essential role in controlling the low- and high-temperature flu-
idity and the thermoresponsiveness of these suspensions.

The thiol-to-epoxy mixing ratio affects the thermoresponsive
stiffening as well as the mechanical strength of the cured hybrid
composites (Fig. 3¢ and S2b). An increase in r resulted in an
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enhanced average stiffening rate (i.e., the average value of dGs/dt
between T, and 90 °C, see inset of Fig. 3c), a modest decrease in
the stiffening onset temperature, and a significant increase in the

low temperature G (see Figure S2b). While the enhancement in
the stiffening rate can be ascribed to the increasing contribution
of the epoxy-thiol curing (i.e., the rapid and low-temperature cur-
ing that induces stiffening at temperatures below 90 °C) to the

total epoxy curing, the enhancement in low temperature G sug-
gests an aggregated particle state. A greater extent of aggregation
is also expected to reduce the required cure conversion for the
gelation, leading to a decrease in the stiffening onset temperature.
We note that epoxy-thiol mixtures with r < 0.5 were reported to
gel at the end of the first stage of curing [44]. Hence, formulations
with r < 0.5 are not effective in inducing rapid thermosetting at
temperatures below 90 °C. Overall, we observe that formulations
with r > 0.75 crosslinked effectively during the first stage of curing,
exhibiting rapid stiffening with an average stiffening rate > 100 Pa/
s, which increases with increasing r (Fig. 3c).

These trends in the thermostiffening response of the suspen-
sions with varying r were contrasted against the flexural strength
and strain capacity of the cured composites to illustrate the effect
on cured material properties due to the two-stage-polymer net-
work formation. Formulations composed of a 40/60 mixture of
quartz and calcite with ¢ = 0.50, 0.55, and 0.60 were chosen to
evaluate the impact of r on the flexural strength because: (1) their
¢ values are high enough to provide MPa level flexural strength
while minimizing porosity and drying shrinkage, (2) the uncured
suspensions exhibited sufficiently low viscosity at room tempera-
ture to ensure ease of flow through the extruder without clogging
(e.g., for 3D printing applications), and (3) at T > T, suspensions
exhibited rapid thermoresponsive stiffening.

The flexural strength of the cured composites increased with
decreasing r (Fig. 3d). For suspensions with ¢ = 0.60, the cured
composites exhibited a two-fold increase in flexural strength when
r was reduced from 1.5 (the stoichiometric formulation) to 0.5
(Fig. 3d). The higher strength with decreasing r points to the for-
mation of a tighter crosslinked polymer structure with an increas-
ing fraction of epoxy homopolymer when formulated with excess
epoxy (r < 1.5). Concomitantly, the failure strain of the cured com-
posites reduced significantly with decreasing r (Figure S3a). The
decrease in Ty of epoxy-thiol resin mixtures with increasing r
(Table 1) corroborates the increasing flexural strain capacity of
the corresponding hybrid composites. The crosslinked polymer
network, being central to the overall mechanical response of the
hybrid composites, becomes rubbery and more flexible as T, drops
below the ambient temperature with increasing r. Thus, an optimal
r for a thermosensitive formulation can be chosen to produce a tar-
geted stiffening rate and final mechanical strength of the cured
composite. Often, OPC-based suspensions exhibit a flexural
strength typically between 3 and 10 MPa, depending on the
water-to-cement ratio, chemical composition of cement, and
degree of hydration [65-68]. Here, we limited our study to model
mineral suspensions that are essentially non-reactive. Hence, the
flexural strength primarily originates from the polymer binder
and the friction between the mineral particles. Still, some of these
composites (with ¢ = 0.60 and = 10 %) exhibit flexural strength
higher than 10 MPa. Evidently, flexural strength increases with
the increase in resin content (Figure S3c).

At the same time, optimization of the initiator dosage (x) offers
a route to modulate thermal latency and the induction period
before the onset of thermostiffening response. An ideal nucle-
ophilic initiator at an optimal dosage should offer a long induction
period and asymptotically slow activation of the curing reaction at
temperatures below the activation temperatures (i.e.,, T < T.), and
strong auto acceleration of the curing reaction when the suspen-
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sion is heated above the activation temperature [36]. Increasing
the dosage of the MI initiator resulted in a decrease in T, and an
increased stiffening rate of the suspensions (Fig. 4a) while decreas-

ing their low-temperature G (see inset of Fig. 4a). An initiator
dosage of 5 % of MI helps to bring down T, below 60 °C and pro-

duces a sharp two orders of magnitude increase in G with an aver-
age stiffening rate of 144 Pa/s (red curve in Fig. 4a). The reduction
in T, and the improved stiffening response at higher initiator con-
centrations can be attributed to the enhanced curing kinetics facil-
itated by the generation of a larger number of active species. Even
though a higher x results in a reduction in T, it can adversely affect
the thermal latency and shorten the induction period. Quartz sus-

pensions with x = 5 % exhibited a faster evolution of G at room
temperature (i.e., 25 °C) than a suspension with x = 2 %, indicating
initiation of the crosslinking reaction is promoted by the higher
concentration of the initiator (Fig. 4b). Thus, high x can accelerate
epoxy-thiol cure kinetics leading to a shorter induction period and
compromised thermal latency.

3.4. Design guidelines for thermoresponsive suspensions

The interplay of the critical parameters on the design of ther-
moresponsive suspensions for 3D printing of structural elements
is illustrated in Fig. 5. For the current formulation, we recommend
a range of ¢ and p as a printable domain. The lower limit of ¢ is
such that the cured suspensions provide at least 1 MPa flexural
strength while minimizing porosity and drying shrinkage upon
curing. The higher ¢ limit ensures that the suspensions’ room tem-
perature viscosity is sufficiently low to enable flow through the
nozzle without jamming. Suspensions with their complex viscosity
in the linear viscoelastic domain greater than the order of 10* Pa.s
are assumed to be non-extrudable since they could probably cause
jamming in the pump and extruder. The recommended lower
range of p = 5 % is required to induce a noticeable thermorespon-
sive stiffening (Fig. 3b), and the maximum dosage is limited to 10%
to limit the cost of printing slurries. Within the printable domain,
the suspensions’ stiffening rate (Fig. 3a-b) and cured composites’
flexural strength (Fig. 3d and S3b-c) are directly proportional to
their ¢ and p. Formulations with higher p possess a denser cross-
linked polymer network resulting in higher flexural strength (Fig-
ure S3b and S4). Similarly, a higher ¢ produces denser
composites with lower porosity and higher flexural strength (Fig-
ure S3c). However, the extrudability (i.e., ease of flow) of the sus-
pensions decreases with increasing ¢ and the material cost
increases with increasing p. Coupling of these considerations with
the influence of r (Fig. 3c-d, S2b, and S3a) and x (Fig. 4a-b) can
enable the precise formulation of 3D printable mineral suspensions
with thermally triggered curing that possess desired material
properties, both pre-and post-extrusion.

3.5. Implementing 3D printing using thermoresponsive slurries

The thermoresponsive suspensions with controllable rapid
solidification can enable 3D printing of structures that demand
rapid hardening and high early strength. It can achieve higher
overhangs, improved print height, print speed, and better print
fidelity than conventional cementitious slurries. Controlled heating
can be applied during extrusion and/or immediately after deposi-
tion. A single-stage heating at the nozzle or multi-stage heating
with a preheating stage in the extruder to temperatures below T,
can be utilized to heat the slurries during extrusion. Alternatively,
a high-power heat gun can follow the print nozzle to heat the slur-
ries just after deposition, potentially avoiding clogging of the print
nozzle. However, implementing 3D printing using thermorespon-
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initiator dosages, x = 2 % and 5 % (with r = 1) to illustrate their thermal latency.
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sive slurry will require a precise control and careful optimization of
various process parameters, including heating rate, temperature,
print speed, and nozzle diameter, to ensure printability and
achieve the targeted slurry stiffness and stiffening rate. The geo-
metrical complexity of the structure to be printed will dictate the
target stiffness and rate of stiffening of the slurries. With special-

ized hardware capabilities, commensurate software controls, and
dedicated (pre)processing methodology, thermoresponsive sus-
pensions offer new pathways to overcome the limitations of tradi-
tional suspension-based printing and expand its scope to
geometrically complex and topologically optimized structural
components.
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4. Summary and conclusions

The present study offers means for exploiting thermal triggers
to formulate mineral suspensions that achieve desirable thermal
latency and ultrafast stiffening — prerequisite attributes for 3D-
manufacturing of architected structural components. Thermal
latency, tunable induction period, and rapid stiffening are realized
in concentrated suspensions by utilizing thermally triggered, 1-
methylimidazole-catalyzed epoxy-thiol condensation-
polymerization reactions of resins that are incorporated in the sus-
pensions. The thermoresponsive suspensions comprise a ther-
mosetting resin, a crosslinking agent reactive with the resin,
water, and a large volume fraction of one or more mineral partic-
ulates. The formulations can be adjusted to achieve desirable ther-
mal latency and stiffening rates. The thermoresponsive
suspensions feature controllable ultrafast stiffening at trigger tem-
peratures ranging between 50 °C and 90 °C, where the trigger tem-
perature is sensitive to the initiator dosage. These suspensions
undergo rapid solidification in a matter of seconds to minutes (ac-
tivation time, 30 < t, < 200 s) upon bulk thermal activation achiev-
ing stiffening rates ranging from 20 Pa/s to 400 Pa/s. Curing of the
suspensions at optimal conditions ensures the complete crosslink-
ing of the thermoset resins that strengthens the composite. Epoxy
excess in thiol-epoxy formulations and the resultant epoxy-
homopolymerization produce a significant enhancement in the
flexural strength of the mineral composites. The thermoresponsive
suspensions, along with appropriate hardware capabilities, soft-
ware controls, and dedicated processing methods, introduce for-
mulation routes for extrusion-based 3D printing to produce
overhangs, print highly stacked layers at a faster rate, and improve
print fidelity.

In summary, we demonstrated a facile pathway to achieve con-
trollable, rapid stiffening in aqueous suspensions that are compat-
ible with extrusion-based additive manufacturing processes. This
approach is economical and scalable for most construction materi-
als, which are often opaque, have low electric conductivity, and
possess a low surface-to-volume ratio. It is demonstrated that
thermoresponsive formulations can be adjusted to produce con-
trolled rapid stiffening at trigger temperatures ranging between
50 °C and 90 °C. Equally important, the current thermoresponsive
formulations provide precise control over the engineered suspen-
sion compositions to achieve targeted, pre-and post-curing mate-
rial properties. Taken together, the outcomes of this work offer a
pathway to overcoming the limitations of suspension-based print-
ing based on inorganic binders alone and expanding the design and
production space accessible for architected structural components.
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