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ABSTRACT: The ceramic manufacturing sector, recognized as a
highly energy-consuming industry, is set to boost energy efficiency
and reduce carbon footprint. Here, we present a new self-sustaining
ceramization-assisted additive manufacturing (AM) of ceramic
composite structures. The eco-friendly process features extrusion-
based printing of geopolymer-bonded reactive microparticles,
ambient environment curing, and self-sustaining ceramization. Our
approach exhibits an extraordinarily low manufacturing carbon
footprint with a greenhouse gas (GHG) emission of 0.79 kg of
CO2 equivalent/kg, a 1000-fold decrease compared to standard
binder jetting ceramic AM. The resultant structure comprises a Ti−
Si−C-based ceramic composite, simultaneously showcasing the
lowest open porosity (22%) compared to other reactively 3D-
printed inorganic structures. The proposed technology has the potential to pave the way for low-carbon manufacturing of
geometrically intricate ceramic composite structures.
KEYWORDS: sustainable manufacturing, self-sustaining reaction, additive manufacturing, geopolymer, Ti−Si−C composites

1. INTRODUCTION
Ceramics’ critical role has extended from ancient artistic and
domestic use to modern applications in automotive,1 aviation,
aerospace,2 IT,3 and healthcare industries4 due to their
chemical inertness and high-temperature resistance.5 However,
ceramics are inherently difficult to process. The ceramic
industries have been considered energy-intensive with their
over 400 Mt CO2 emission per year.6 To reach the net-zero
2050 emissions goal, it is crucial to reduce carbon emissions
from high-temperature ceramic production. Additive manu-
facturing (AM) provides an effective way to manufacture
complex geometry while significantly promoting material
efficiency and reducing transportation through on-demand
and on-site production, resulting in increased sustainability.7

As AM technology shifts from prototyping to mass production,
its environmental impacts cannot be ignored. Although current
efforts have been spent on developing sustainable feedstocks,
low-carbon AM processes remain underexplored.
The utilization of low- or no-heat processes holds significant

promise for advancing environmentally sustainable and energy-
efficient ceramic AM.8 Self-propagating high-temperature
synthesis optimizes the use of inherent chemical energy within
reactants to facilitate rapid phase transitions via a self-
sustaining reaction wave, ultimately forming the product.9

This process requires only a brief initial energy input to trigger
the reaction, which then proceeds autonomously throughout
the entire material without the need for energy supply.

Historically, the energy released through this method has been
employed for various purposes, ranging from explosives in
ancient times to modern applications such as sealants, bonding
materials, and the creation of specialized structures.10 Recently,
this self-sustaining reaction mechanism has been integrated
with diverse manufacturing technologies to produce functional
components featuring intricate geometries. The fusion of self-
sustaining reactions with AM has the potential to pave the way
for efficient, low-carbon, manufacturing solutions. At present,
two primary strategies exist for incorporating self-sustaining
reactions into AM: direct writing and two-step printing. Efforts
have been made to apply self-sustaining reactions in the direct
writing of thermosets,11,12 continuous fiber composites,13 short
fiber composites,14 multiscale composites,15,16 and metals.17

The two-step printing approach has been employed to
fabricate cermet structures, initially, volatile gel integrated ink
was used to print the preform, and subsequently, a self-
sustaining reaction was initiated to convert the preform into
cermet structure.18,19 However, the resulting inorganic
structures are highly porous (66.4% void) and lack mechanical
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robustness, limiting their broader range of applications. Rapid
energy-efficient additive-manufacturing process (REAP) was
introduced by Liu et al.20 where geometrically complex
ceramic structure can be produced by self-sustaining
ceramization of in situ cured preceramic polymer-binding
ceramic preform. However, the preceramic polymer binder is
expensive and curing of preceramic polymer requires either
high temperature (>200 °C) or consistent high-power UV
illumination, which are the main contributor to carbon
greenhouse gas (GHG) emissions.
In recent years, geopolymers have emerged as a green and

low-carbon cementitious material, gaining widespread atten-
tion and research interest globally. Its environmental friendly
nature is underscored by two key aspects: eco-friendly raw
material sourcing and low-carbon processing. The raw
materials for aluminosilicate gel binders, such as fly ash, slag,
and natural minerals, are typically derived from abundant
industrial byproducts or naturally occurring sources.21 Utilizing
these materials for inorganic binder production not only
contributes to waste reduction and resource recycling but also
aligns with sustainable development principles. Furthermore,
the production of geopolymer is notably low-carbon, emitting
only 0.18 kg of CO2 per kg of geopolymer produced,
approximately one-fifth that of ordinary Portland cement.22

Compared to traditional concrete, geopolymer concrete
production reduces CO2 emissions by about 26−45%.23 The
curing of aluminosilicate gel binders under ambient conditions
requires a lower energy consumption and low carbon
emissions. These characteristics render geopolymers as a
promising sustainable inorganic binder. Recently, geopolymers
have been tailored to accommodate various processing
technologies such as molding24 and 3D printing.25 Reports
suggest that geopolymer can facilitate the fabrication of SiC
ceramics by altering rheological properties, followed by a
sintering process spanning several hours.26 Nevertheless, the
eco-friendly geopolymer could be a promising binder
candidate to decarbonize ceramic manufacturing.
To foster a sustainable ceramic industry and cater to the

evolving demands of ceramic manufacturing decarbonization.
Here, we introduce a novel low-carbon AM of ceramics that
features green geopolymer binding reactive feedstock printing
and ambient environment curing. Following curing, the
reactive feedstock was subjected to high-temperature initiation,
triggering the inorganic chemical reaction among reactive
microparticles to form a self-sustaining reaction, transforming
the preform into ceramic structures. The process exhibits
>3000 times lower carbon footprint as compared to standard
binder jetting ceramic AM, meanwhile only produces 35%
GHG emissions compared to the state-of-the-art REAP
approach. The geopolymer structure and concentration were
tuned and their influence on the self-sustaining reaction
characteristics and the open porosity of the ceramic structure
were studied. Compared to other 3D printed and self-
sustaining reactions formed inorganic structures, the open
porosity of our manufactured ceramic structure exhibits 3.3
times reduction. This approach could open a new path for low-
carbon AM of dense ceramic structures.

2. MATERIALS AND METHODS
2.1. Preparation of Geopolymer Binder. First, an alkaline

activator was prepared. 55 wt % potassium hydroxide (KOH) (Sigma-
Aldrich) water solution was mixed with silica fume (Sigma-Aldrich)
with a 2.8:1 weight ratio. The mixed alkaline activator was

magnetically stirred for 48 h in an ambient environment before use.
Subsequently, various amounts of metakaolin (MK) microparticle
(MetaStar 501) were mixed with the alkaline activator in a mixing
container while stirring continuously until a homogeneous paste was
formed.

2.2. Preparation of Reactive Microparticle/Geopolymer
Feedstock. First, a reactive microparticle mixture was prepared.
Commercially available microparticles of silicon carbide (SiC,
<20 μm), and graphite (C, <20 μm) were purchased from Sigma-
Aldrich. Titanium (Ti, <20 μm) microparticle was purchased from
Atlantic Equipment Engineers. The microparticle reactants were then
mixed in a molar ratio of Ti/SiC/C = 3:0.5:1. To obtain the mixture,
the microparticles were first suspended in ethanol and subjected to
ultrasonication for 1 h, followed by mechanical stirring for another
hour. Afterward, the ethanol was eliminated from the suspension by
drying at 85 °C under mild mechanical stirring overnight until the
ethanol content was undetectable by differential scanning calorimetry.
Subsequently, various amounts of reactive microparticle mixture were
mixed with geopolymer binder with a beater blade for 5 min to obtain
reactive feedstock. To cure the reactive feedstock upon extrusion-
based printing, the printed structure was placed in an open-air
environment for 21 days. The weight change was monitored weekly
and utilized to determine the remaining water content in the samples.

2.3. Self-Sustaining Ceramization. After fabrication, the
ceramic performs were moved to a glovebox filled with argon gas to
conduct the self-sustaining reaction. The setup is shown in Figure S1.
A tungsten basket, sourced from Kurt J. Lesker Company (model:
EVB133030W), and heated by a DC power supply was used to trigger
the self-sustaining reaction. We monitored the reaction’s temperature
evolution using an Optris PI 05 M infrared thermal camera. Roughly
10 s into the heating process, a bright glow emanating from the
preform signaled the onset of the self-sustaining reaction, at which
point the tungsten heater was promptly turned off. Additionally, a
digital camera (DJI Osmo Action equipped with a light filter) was set
up to capture the reaction in real time. Test specimens with a size of
50 × 5 × 5 mm were used to analyze the reaction characteristics.
Time-resolved thermal maps were captured by using an infrared
camera operating at a frame rate of 27 Hz. This allowed for detailed
observation of the temporal evolution of the temperature profile
associated with the propagating reaction wave. The temperature
observed at the reaction front is referred to as the “‘reaction front
temperature.” To determine the frontal reaction velocity (vr), the time
derivative of the displacement of this reaction front temperature was
calculated.

2.4. Characterizations. The rheological properties of the reactive
microparticle/GP feedstock were characterized by an Anton Paar
Physica MCR-301 rheometer under parallel plate mode. The parallel
plate had a diameter of 8 mm, and a gap of 1 mm was used for the
testing. The apparent viscosity of the reactive microparticle/GP
feedstock was carried out under the shear rate from 10−2 to 10 s−1.
The viscoelastic behavior of the reactive microparticle/GP feedstock
was analyzed with shear stress ranging from 1 to 104 under a constant
frequency of 1 Hz. The microstructure and elemental analysis of the
sample were conducted using a JEOL JSM-7500F scanning electron
microscope, which was equipped with energy-dispersive spectroscopy
and operated at an accelerating voltage of 20 kV. Additionally, X-ray
diffraction patterns of the samples were obtained using a Bruker D8
Discover diffractometer with Cu Kα (λ: 1.5418 Å) radiation,
operating at a voltage of 40 kV and a current of 40 mA.

The test of open porosity followed the international standard ISO
18754. The method of test followed Archimedes’ principle, and the
relative bulk density πb was calculated as, πb = (m1 − m2)/(m3 − m2)
× ρ1, where m1 is the mass of the dry sample, m2 is the apparent mass
of the immersed sample, m3 is the mass of the soaked sample, ρ1 is the
density of the immersed liquid.27

2.5. Calculation of Manufacturing Carbon Footprint. In this
work, geopolymer-binding reactive feedstock was printed by an
extrusion-based machine and cured in ambient environment. Thus,
the printing machine energy consumption is assumed to be the same
as the REAP process. However, no external energy source was used
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for curing. Also, the thermal decomposition of preceramic polymer is
not applicable in this case, reducing the carbon footprint for direct
emission. Thus, the processing energy consumption only consists of a
printing machine and initiation steps of the self-sustaining reaction.
Specifically, to start the reaction, a 192 W tungsten heater was turned
on for ∼12 s, which consumed 2.3 kJ of energy. Conversion of the
energy consumption to CO2 emission was based on the GHG
emissions factor of 0.00012 kg CO2 eq/kJ, which was suggested by
the U.S. Environmental Protection Agency.28 Calculation of two
typical ceramic AM processes (binder jetting and vat polymerization),
and REAP process were detailed in our paper.20

3. RESULTS AND DISCUSSION
3.1. Geopolymer Binder Integrated Reactive Additive

Manufacturing. An eco-friendly reactive feedstock composi-
tion was ingeniously designed by mixing inorganic reactive
microparticles with aluminosilicate gel, serving as a binder. The
production of this aluminosilicate gel binder is recognized for
its low-carbon emission characteristic.21 This innovative
formulation not only serves as a foundation for adopting
eco-friendly ceramization processes but also showcases the
pivotal role of utilizing low-carbon binders in mitigating the

environmental impact. Titanium−silicon−carbide (Ti−Si−C)
composites are ternary materials chosen for their excellent
combination of mechanical stability, chemical resistance, and
high-temperature durability,29 making them the preferred
choice for various applications. Specifically, commercially
available reactive elemental microparticles including titanium
(Ti), silicon carbide (SiC), graphite (C), and aluminosilicate
gel were mixed homogeneously to produce the printing
feedstock (Figure 1a). The printability of the feedstock is
tuned by the aluminosilicate gel (Figure 1b). Upon completion
of the preform printing, the resultant green structure
underwent a simple room temperature setting for curing,
before transitioning to the desired ceramic structures through a
self-sustaining reaction process. This curing process requires
no heat treatment or additional energy supply, thereby
contributing to a lower carbon footprint. The aluminosilicate
gel undergoes geopolymerization, which is the primary
mechanism that cures the feedstock in an ambient environ-
ment as detailed in the previous literature.21,30 A schematic
illustration of the geopolymerization process is shown in
Figure S2. Briefly, geopolymerization occurs in three phases:

Figure 1. Schematic illustration of the implementation of geopolymer binder integrated reactive feedstock printing and ceramization. (a) Reactive
microparticles and aluminosilicate oligomers were used as the printing feedstock. (b) Extrusion-based layer-by-layer deposition. (c) After curing,
the ceramic preform was converted to the ceramic structure by self-sustaining ceramization. (d) Thermal images of living self-sustaining
ceramization of the ceramic preform.

Figure 2. Rheological properties of inorganic reactive feedstock. (a) Viscoelastic behaviors for the feedstock consisting of various concentrations of
reactive microparticles. (b) Apparent viscosity as a function of shear rate for geopolymer-binder-integrated feedstock.
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dissolution and reorganization, condensation, and polymer-
ization. Initially, MK was used as an aluminosilicate source that
undergoes dissolution and reorganization, forming various
oligomers. These oligomers then link to form gels. This linkage
happens as the OH groups at the ends of the oligomers meet,
sharing an oxygen atom and releasing water. In this process,
KOH serves as the primary source of OH groups. As the
condensation continuously proceeds and water volatilizes, the
geopolymer-bonded reactive rehardened and was ready to be
converted to ceramic.
After curing, with a single-point thermal trigger, exothermic

reactions among the Ti, C, and SiC ingredients form
compounds including TiC, Ti5Si3, and Ti3SiC2.

31 Typical
reaction includes Ti + C → TiC and 3Ti + SiC + C→
Ti3SiC2.

32 The rapid reaction is highly exothermic, which
consolidates the ceramic composites produced with the desired
structure (Figure 1c). To demonstrate the ability of the
proposed approach to manufacture geometrically complex
structure, an “Olympic Ring” structure was first printed and
converted to ceramic structure with the self-sustaining
reaction. Figure 1d captures the self-sustaining ceramization
of the 3D printed ceramic preform. Noticeably, the self-
sustaining ceramization reaction proceeded from the triggering
point and spread throughout the entire structure, rapidly and
steadily transforming the printed preform into ceramic. The
whole ceramization process does not require an excessive
external energy supply but a negligible and transient high-
temperature initiation, making it a low-carbon emission
process.
3.2. Rheological Behavior of Reactive Feedstock.

Construction of complex structures with robust mechanical

properties requires proper rheological properties. Thus, the
effect of the geopolymer binder on the rheological behavior of
the inorganic reactive feedstock was investigated. The
viscoelastic behavior of the reactive microparticle-incorporated
feedstock was studied. The results in Figure 2a revealed that
the reactive microparticle incorporated feedstock exhibits
elastic behavior at low shear rates where G′ > G″. The yield
stress, determined from the intersection of G″ and G′ (G′ =
G″), is found to be strongly dependent on the reactive
microparticle content. It was observed that reactive micro-
particle content greater than 47 wt % behaves in such proper
viscoelastic behavior until 65 wt % of microparticle is
incorporated as the viscosity increases drastically. The
feedstock having 65 wt % of reactive microparticle and beyond
showed high viscosity and overly high yield stress which leads
to a plug flow regime, making it difficult to be processed by
extrusion-based printing. A typical shear thinning behavior of
reactive feedstock containing 55 wt % reactive feedstock can be
observed as shown in Figure 2b. The viscosity of the reactive
feedstock decreases from more than 105 to ∼102 Pa·s as the
shear rate increases, which is favorable for the extrusion-based
printing process (Figure 2b).

3.3. Reaction Characteristics. Following the printing and
curing of the reaction feedstock, the obtained ceramic preform
is subjected to the initiation of a self-sustaining reaction. As
shown in Figure 3a, the tungsten coil heats the ceramic
preform from one end for ∼12 s until a bright reaction front is
visible on the preform, which marks the start of a self-
sustaining reaction. As soon as the reaction front is visible, the
tungsten heater is turned off, and the reaction propagates
throughout the preform structure without additional energy

Figure 3. Characteristics of self-sustaining ceramization of geopolymer-binding ceramic preform. (a) Time-resolved thermal image of the self-
sustaining reaction process, including initiation, reaction propagation, and cooling. (b) Reaction front temperature with different geopolymer
compositions. (c) Reaction front temperature with different geopolymer content.
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supply, showing a frontal propagation speed of ∼130 cm/min.
The ceramic structure is formed after the reacting specimen is
cooled to room temperature naturally. The reaction front
temperature is usually considered an important characteristic
of the self-sustaining reaction as it results from dynamic heat
production, transportation, and phase transformation.9 Thus,
the structural and compositional influence of reactive feedstock
on the self-sustaining reaction front temperature was studied.
The geopolymer binder structure is tuned by the MK to
activator ratio, which results in different Si/Al ratios, as noted
in Table 1. The results in Figure 3b show that increasing the
Si/Al ratio of the geopolymer binder results in a decrease of
the reaction front temperature from 1737 °C corresponding to
a 6.4 Si/Al ratio to 1641 °C corresponding to an 8.3 Si/Al
ratio. A higher Si/Al ratio resulted in a higher water presence
in the ceramic preform after the curing process, as shown in
Table 1. The results show that the most water loss happens
within the first 7 days of curing, which is typical for
geopolymers. After 14 days the change of weight slows
down, which is consistent with previous literature discovery.33

After 21 days of curing, the weight change of the specimen
becomes negligible (<3%). Thus, we selected 21 days as the
time to cure the specimen. These findings are consistent with
previous findings that the Si/Al ratio of geopolymer precursor
can greatly affect water presence in the geopolymer structure,
including the form of water (free, bound, and structural) and
the content of water.30 The volatilization of the water content
at high temperatures could act as a heat sink, ultimately leading
to a lower reaction temperature. Besides, it has been noted that
a higher Si/Al ratio can enhance thermal conductivity34 while
diminishing high-temperature stability,35 factors which togeth-
er may influence the reaction front temperature. Furthermore,
the effect of reactive feedstock composition on the reaction
characteristics was investigated. Figure 3c illustrates the impact
of reactive microparticle concentration on the temperature of
the reaction propagation front. The results show that higher
reactive microparticle loading led to an increase in the reaction
front temperature, which can be simply ascribed to the
enhanced exothermicity of the reactive system.
3.4. Composition and Microstructural Evolution

during the Manufacturing Process. Geopolymer plays an
important role in our energy-efficient manufacturing process.
Apart from the rheology modifier, it also involves the self-
sustaining ceramization of the reactive microparticles. Thus,
the composition and microstructure evolution during the
manufacturing process was analyzed. The XRD patterns of the
geopolymer binder and reactive feedstock during the
manufacturing process are shown in Figure 4. The XRD
pattern of MetaStar 501 displays a broad dome centered at 2θ
= 22°, indicative of its amorphous portion, along with distinct
peaks associated with crystalline kaolinite (∼25°) and quartz
(∼26.6°). Upon geopolymerization of the MK/activator
mixture, a new geopolymer phase emerged. This development
resulted in the shift of the hump toward a higher 2θ = 28°,

which is a typical feature of geopolymerization.36 Upon mixing
the microparticles with aluminosilicate gel and subjecting them
to curing, a ceramic preform is produced. The XRD patterns
primarily exhibit the characteristics of the incorporated
inorganic microparticles (Ti, SiC, and C), overshadowing the
geopolymer phase owing to the significantly stronger peak
intensities of these inorganic microparticle phases. Moreover,
the data indicate that following the self-sustaining reaction,
there is a significant alteration in the phase composition of the
material obtained when compared to the unreacted preform.
This suggests that the reaction among micropowders
encompasses multiple phase transformations during the high-
temperature self-sustaining reaction. The ceramic composites’
XRD pattern is compared to JCPDS standards. The resulting
ceramic structure consists of multiple Ti−Si−C composites,
possibly including TiC, TiSi2, Ti5Si3Cx, and Ti3SiC2. Also, SiC
could be present as they are partially reacted.
The microstructure change of the reactive feedstock during

the manufacturing process is characterized by SEM, with the
findings illustrated in Figure 5. As depicted in Figure 5a, MK
initially existed as loose powders before being mixed with the
alkaline activator. After alkaline activation and curing in the
ambient environment for 21 days, geopolymerization occurs,

Table 1. Geopolymer Binder Molar Composition and Water Content of the Reactive Feedstock During the Curing Process

MK/activator mass ratio Si/Al molar ratio Water wt % after different days of curing

before cure 4 days 7 days 14 days 21 days 28 days

1:3 6.4 21.4 13.2 9.31 4.67 3.49 3.4
1:3.5 7.1 22.2 14.2 9.38 5.36 4.28 4.22
1:4 7.7 22.8 14.6 9.65 5.38 4.29 4.27
1:4.5 8.3 23.3 15.4 9.72 6.6 5.55 5.4

Figure 4. XRD patterns obtained from MK, neat geopolymer binder,
reactive feedstock, and ceramic composite after a self-sustaining
reaction.
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rendering the geopolymer binder a continuous phase, as shown
in Figure 5a,c. This geopolymer structure can be employed to
bind the reactive microparticles, thereby fabricating reactive
ceramic preform as portrayed in Figure 5d. Following a self-
sustaining reaction, the resultant Ti−Si−C ceramic composite
exhibits low porosity (Figure 5e), although some pores are
discernible. The pore formation can be mainly ascribed to the
volatilization of structurally bound water within the geo-
polymer during the high-temperature ceramization process.
The magnified image (Figure 5f) reveals that the ceramic
composite comprises various ceramic phases, as denoted in the
XRD results. These phases encompass some incompletely
reacted microparticles, as indicated by white arrows, which
could be partially reacted large SiC particles. Some microcracks
are observable after the self-sustaining reaction. It is plausible
that these microcracks result from both the high-temperature

cracking typical of geopolymer binders and the rapid heating
and cooling temperature changes inherent in the process.

3.5. Porosity and Mechanical Properties of the Ti−
Si−C Composite. Furthermore, the effect of the geopolymer
on the porosity of the ceramic was also studied. The porosity
and pore characteristics of the ceramic preform are shown in
Figure S3. It was found that decreasing the Si/Al ratio of the
geopolymer leads to reduced porosity of the final ceramic
structure. When MK to activator ratio is 1:4.5, the
corresponding Si/Al ratio is calculated to be 8.3. After self-
sustaining ceramization, this geopolymer binder composition
led to a ceramic porosity of 31.5%, corresponding to 21 days of
curing in the ambient environment. As discussed in the
previous section, the Si/Al ratio significantly influences the
structure and water presence of the geopolymer binder.
Increasing the MK to activator ratio results in decreasing
final porosity, as shown in Figure 6a. The lowest porosity
achievable is 22% when the MK to activator ratio is 1:3,
indicating ∼3 times decrease compared to self-sustaining
reaction-assisted 3D-printed cermet structure19 as illustrated in
Table 1, an increase in the MK to activator ratio results in a
higher Si/Al ratio, which in turn leaves more water within the
geopolymer structure after the curing process. This observation
aligns with findings from prior research.33 Thus, evaporation of
water during high-temperature ceramization leaves pores in the
ceramic structure, resulting in increased porosity. The
composition of the reactive feedstocks was also varied by
tuning the reactive microparticle content. The results are
shown in Figure 6b, as the reactive microparticle increases
from 55 to 60 wt %, the final porosity decreases due to reduced
volatile water content for lower geopolymer binder loading.
However, a further increase in the reactive microparticle
content then causes the porosity to increase, and extrusion
printing became impossible beyond reactive microparticle
loading of 70 wt %. This may be ascribed to the increasing
number of voids introduced during the curing stage due to the
volatilization of water content in the geopolymer binder,
ultimately resulting in a reduced preform density. These results
show that the geopolymer binder structure and reactive
feedstock composition could be used to control the ceramic
part porosity. Nevertheless, energy-efficient AM through a self-
sustaining reaction process assisted by an environmental-
friendly geopolymer binder can be used to fabricate ceramic
structures with low porosity.

Figure 5. SEM images of (a) MK powder; (b,c) cured geopolymer
binder; (d) reactive ceramic preform; (e,f) Ti−Si−C composite after
self-sustaining reaction.

Figure 6. Open porosity of the preform and final structure (a) with various MK to Activator ratios and (b) with different reactive microparticle
content.
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We acknowledge that despite achieving a significant
reduction in porosity from 66.4 to 22% in our 3D printed
reactively formed inorganic structures, the current level of
porosity remains high compared to conventional ceramic AM
techniques, such as binder jetting AM, which can achieve near
full density. Exploring alternative binders in reactive feedstocks
to reduce volatile substances is one viable avenue for future
research. Additionally, controlling the self-sustaining environ-
ment, particularly temperature and pressure, during the
ceramization process is another critical area for future
investigation. By optimizing these parameters, we may be
able to influence the rate of volatilization and the kinetics of
the sintering process, thereby improving the density of the
structures. Lastly, postprocessing techniques like liquid phase
and chemical vapor infiltration utilize a second phase material
to fill the pores in the part thereby improving the density.
These post treatment processes could offer immediate
industrial applicability and effectiveness in further reducing
porosity.
Moreover, the mechanical properties of the ceramic

composites were investigated. Compressive strength is a
critical parameter in assessing the structural integrity of the
structural components. It was discovered that the composition
of the geopolymer binder significantly affects the compressive
strength of the final ceramic composite. As shown in Figure 7a,
when the MK to Activator ratio is 1:4.5, corresponding to a Si/
Al ratio of 8.3, the compressive strength is measured at 11.1
MPa. However, adjusting the MK/Activator ratio to 1:3 leads
to a reduction in the Si/Al ratio to 6.4, which in turn results in
a compressive strength of approximately 40 MPa. This trend
could be ascribed to the Si/Al ratio-induced alterations in the
geopolymer structure, where a lower Si content tends to
diminish the extent of hydration of the geopolymer structure,
thereby leaving less structural water within the structure. This
water content would be eliminated during the high-temper-
ature self-sustaining reaction. The process of water removal is
endothermic, which diminishes the exothermicity of the Ti−
SiC−C system. Besides, the reaction enthalpy of the current
system is already lower compared to the previous Ti−Si−C
system.31 Therefore, these factors collectively lead to a lower
reaction temperature, resulting in a higher number of
unreacted particles and the presence of heterogeneous
intermediate silicide and carbide phases. Consequently, these
effects could collectively be responsible for the observed

deterioration in mechanical properties compared to systems
based on preceramic polymers. Nevertheless, the reported low-
carbon ceramic composite manufacturing has the potential to
offer enhanced mechanical performance when compared to 3D
printing and self-sustaining reactively formed cermets, which
currently have a yield strength of 13 MPa.19 Furthermore, to
explore the variation in mechanical strength over time, we
performed a compressive test of the same batch of ceramic
composite. These samples underwent self-sustaining ceramiza-
tion on the same day and were tested over an extended period,
up to 28 days. The results shown in Figure 7b indicate that the
ceramic composites maintain comparable compressive
strength, showing no significant change (<10%) over a 1-
month period. These results suggests that it holds promise as
an eco-friendly method for producing load-bearing complex
structures.
The surface morphology of the fractured compressive test

samples is shown in Figure 8. Two samples with MK/Activator

ratios of 1:3 and 1:4.5 represent the extremes in our study,
having the lowest and highest strength, respectively. The
observed fracture behavior in the sample with a MK/Activator
ratio of 1:3 suggests the involvement of multiple fracture
modes.37 This is attributed to the enhanced interconnectivity
and compactness of the different Ti−Si−C phases in this
composition, as opposed to the 1:4.5 ratio samples. In the
latter, increased porosity correlates with a reduction in
compressive strength, indicating a less cohesive microstructural
network.

3.6. Manufacturing Carbon Footprint. The environ-
mental impact of the proposed manufacturing process was
analyzed in comparison with stereolithography (SLA), binder

Figure 7. (a) Effect of geopolymer binder composition (MK/Activator ratio) on the compressive strength of the ceramic composite. (b) Change of
compressive strength of the ceramic composite over time.

Figure 8. SEM images of the fracture surface of compressive test for
sample of MK to Activator ratio is (a) 1:3; (b) 1:4.5.
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jetting ceramic AM, and REAP technologies in terms of
equivalent CO2 emission. The findings are depicted in Figure
9, with a thorough breakdown of the calculations presented in

Table S1. Our prior research revealed that SLA resulted in
616.40 kg of equivalent CO2 emissions per kg of ceramic
produced, while the binder jetting process accounted for
3086.13 kg of CO2 per kg. On the other hand, we have
reported that REAP shows a significantly lower carbon
footprint, with merely 2.23 kg of equivalent CO2 per kg
ceramic structure produced, owing to the absence of carbon-
intensive pyrolysis or sintering phases. Remarkably, the current
approach has further minimized the manufacturing carbon
footprint to a mere 0.79 kg of CO2 per kg, marking a more
substantial reduction in GHG emissions by a factor of 2.8,
compared to REAP. This notable improvement is ascribed to
the milder curing conditions that lowered the curing carbon
footprint coupled with a pyrolysis-free inorganic binder system
that curtailed direct emissions.

4. CONCLUSIONS AND FUTURE WORK
This research introduces a novel methodology for the
environmental-friendly AM of ceramic composites with a low
carbon footprint. This approach encompasses an eco-friendly
geopolymer binder-assisted ambient-environment print-and-
cure process, succeeded by a low carbon footprint self-
sustaining ceramization process. Our strategy demonstrates an
exceptionally low manufacturing carbon footprint, with GHG
emissions of 0.79 kg CO2 equivalent/kg, indicating a reduction
in manufacturing GHG emissions by over 3000 times when
compared to conventional binder jetting ceramic AM. It was
found that the geopolymer binder structure which is controlled
by the Si/Al ratio, and geopolymer concentration can be tuned
to regulate the self-sustaining reaction characteristics and the
ceramic composite’s open porosity. The ultimate open porosity
can reach 22%, marking the lowest among self-sustaining
reactions formed by inorganic materials derived from 3D-
printed preforms. It was also found that a lower Si/Al ratio of
the geopolymer binder led to an improved compressive
strength of the ceramic composite.
Building upon the outcomes of this research, this section

examines potential opportunities for future research. One of
the critical aspect of the research will be focused on improving
the mechanical performance of ceramic composites for load-

bearing applications. This could be done by further promoting
the degree of ceramization and densification. An encouraging
approach to achieving this is the adoption of energy-efficient
postmanufacturing treatments, such as joule heating. It is
worth noting that exposing as-synthesized Ti−Si−C compo-
sites to additional joule heating treatment not only promotes
further sintering but also facilitates additional reactions that
lead to the formation of the desirable Ti3SiC2 MAX phase.38

Future work could also be focused on the fundamental
understanding of the evolution of geopolymer binders during
self-sustaining reactions. Future work will explore other
geopolymer binder compositions to reduce the porosity in
ceramic composites. Optimizing ceramization conditions,
particularly temperature and pressure, shows promise for
improving the density. Additionally, postprocessing methods
like liquid phase and chemical vapor infiltration could be
investigated for further density enhancement.
This work unveils a new avenue toward environmentally

friendly AM of ceramic composite structures.
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