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CEMENTITIOUS PRINT HEAD, 3D PRINTING ARCHITECTURE, AND
CEMENTITIOUS PRINTING METHODOLOGY

CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of U.S. Patent Application Serial No. 16/724,790

filed December 23, 2019, which is incorporated by reference in this disclosure in its entirety.

BACKGROUND
[0002] The present disclosure relates to three-dimensional (3D) printing of cementitious

materials for architectural and other types of additive printing.

BRIEF SUMMARY
[0003] Cementitious print heads may be used to extrude and 3D print cementitious
compositions. The extrusion nozzle of the print head may move along a pre-programmed path
and may continually extrude cementitious materials for 3D printing. The print head can be
installed on a gantry or other type of support structure, to freely move in the X, Y and Z directions.
For example, fresh concrete can be delivered to the print head with the use of a pump and
supplemental pumping can be used to deliver material smoothly to the printing nozzle of the print
head. Concrete suitable for 3D printing can be extruded from the nozzle to continually trace out
the cross section of the structural components to be printed. It is contemplated that 3D concrete
printing systems within the scope of the present disclosure may additionally include a mixing
pump and additive material supplies, and may alternatively utilize a multi-axis robotic arm instead
of the aforementioned gantry, or any other conventional or yet to be developed print head
positioning and support structure. Print speeds of 0.1 m/s, or greater, and print beds 9.0 m x 4.5

m x 3.0 m, or larger, are contemplated.

[0004] Cementitious compositions suitable for 3D printing are relatively fast setting and are
characterized by relatively low slump because the extruded material is unsupported after leaving
the extrusion nozzle. Suitable materials may comprise a cement binder, an aggregate, and water.
The cement binder may include, but is not limited to, one or more than one of tricalcium silicate
(Ca3Si0s or 3Ca0-Si02), dicalcium silicate (CazSi04 or 2Ca0-Si02), tricalcium aluminate
(CazAla0s  or 3Ca0-Al203Fe203), tetracalcium  aluminoferrite  (CasAl2FexOw0  or
4Ca0-Al203°Fe203), gypsum (CaSO4-2H20), other cement binders, or combinations of these. The

aggregate may take a variety of forms including, for example, materials ranging from fine particles
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of sand to relatively large, course rocks. The aggregate may include ultra-light aggregate, light
weight aggregate, normal weight aggregate, and heavyweight aggregate. Ultra-light weight
aggregate may include, but is not limited to, vermiculite, ceramics spheres and perlite. Light
weight aggregate may include, but is not limited to, expanded clay, shale or slate, or crushed brick.
Normal weight aggregate may include, but is not limited to, crushed limestone, sand, river gravel,
or crushed concrete. Heavyweight aggregate may include, but is not limited to steel or iron shot,
or steel or iron pellets. The water in the cementitious composition may include water from any
suitable source, such as but not limited to municipal water, ground water, treated or untreated salt
water, treated wastewater, treated produced water, well water, or other source of water. The
cementitious composition may also include other additives, such as polymers, colorants,

detergents, retardants, accelerants, minerals, other additives, or combinations of these.

[0005]  In accordance with one embodiment of the present disclosure, a print head for extruding
a cementitious composition comprises a feed barrel, a print head nozzle, a CO2 supply, a steam
supply, a selective valve assembly in communication with the CO2 supply and the steam supply,
a plurality of dual use extrusion head injectors, and a print head controller. The feed barrel is
oriented and shaped to receive a cementitious composition and to direct the cementitious
composition to the print head nozzle. The selective valve assembly communicatively couples the
COz supply and the steam supply to the dual use extrusion head injectors for the selective injection
of COz and steam from individual ones of the dual use extrusion head injectors. The plurality of
dual use extrusion head injectors are positioned downstream of the print head nozzle for selective
injection of CO2 and steam into a cementitious composition extruded from the print head nozzle.
The print head controller is operatively coupled to the selective valve assembly and is programmed
to execute a CO2 and steam injection protocol where steam may be exclusively selected for
injection by the dual use extrusion head injectors into a cementitious composition as it is extruded
from the print head nozzle to enhance a hydration reaction and formation of hydroxide in the
cementitious composition before CO2 may be exclusively selected for injection by the dual use
extrusion head injectors into the cementitious composition as it is extruded from the print head

nozzle to enhance a carbonation reaction in the cementitious composition.

[0006] In accordance with another embodiment of the present disclosure, a 3D printing

architecture is provided comprising a 3D print head positioning framework and a print head.
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[0007] In accordance with another embodiment of the present disclosure, a print head for
extruding a cementitious composition comprises a feed barrel, a print head nozzle, a CO2 supply,
a steam supply, a selective valve assembly in communication with the COz supply and the steam
supply, and a plurality of dual use extrusion head injectors. The feed barrel is oriented and shaped
to receive a cementitious composition and to direct the cementitious composition to the print head
nozzle. The selective valve assembly communicatively couples the CO2 supply and the steam
supply to the dual use extrusion head injectors for the selective injection of CO2 and steam from
individual ones of the dual use extrusion head injectors. Each of the plurality of dual use extrusion
head injectors are coupled to the CO2 supply and the steam supply by the selective valve assembly
and are positioned to selectively inject CO2 and steam into the cementitious composition
downstream of the print head nozzle. The dual use extrusion head injectors may be positioned to
selectively inject CO2 and steam into the cementitious composition from positions that at least

partially surround an extruded column of cementitious composition.

[0008] In accordance with yet another embodiment of the present disclosure, a print head for
extruding a cementitious composition comprises a feed barrel, a print head nozzle, a CO2 supply,
a steam supply, a selective valve assembly in communication with the COz supply and the steam

supply, a plurality of dual use extrusion head injectors, and a print head controller.

[0009] In accordance with another embodiment of the present disclosure, a method of

extruding a cementitious composition from a print head is provided.

[0010]  Although the concepts of the present disclosure are described herein with primary
reference to the particular printing architecture illustrated in Figs. 1 and 2, it is contemplated that
the concepts will enjoy applicability to any of a variety of conventional or yet to be developed

printing architectures, some examples of which are discussed herein.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0011] The following detailed description of specific embodiments of the present disclosure
can be best understood when read in conjunction with the following drawings, where like structure

is indicated with like reference numerals and in which:

[0012] Fig. 1 is a schematic illustration of a 3D printing architecture comprising according to

one embodiment of the present disclosure;

[0013] Fig. 2 is a schematic illustration of a print head according to one embodiment of the

present disclosure;

[0014]  Fig. 3 is a schematic illustration of a dual use extrusion head ejector according to one

embodiment of the present disclosure; and

[0015]  Figs. 4 and 5 are graphical depictions of CO2 and steam flow rates in the dual use

extrusion head ejector according to one or more embodiment of the present disclosure.
[0016] DETAILED DESCRIPTION

[0017]  Figs. 1 and 2 illustrate a 3D printing architecture comprising a 3D print head positioning
framework 100 and a print head 200 for extruding a cementitious composition 300. The print
head 200 comprises a feed barrel 202, a print head nozzle 204, a CO2 supply 206, a steam supply
208, a selective valve assembly comprising independent valves 210 in communication with the
COz supply 206 and the steam supply 208, a plurality of dual use extrusion head injectors 212,

and a print head controller 215.

[0018]  The feed barrel 202 may be oriented and shaped to receive a cementitious composition
300 and to direct the cementitious composition 300 to the print head nozzle 204. The valves 210
of the selective valve assembly communicatively couple the CO2 supply 206 and the steam supply
208 to the dual use extrusion head injectors 212 for the selective injection of CO2 and steam from
individual ones of the dual use extrusion head injectors 212. The plurality of dual use extrusion
head injectors 212 are positioned downstream of the print head nozzle 204 for selective injection
of CO:z and steam into a cementitious composition 300 extruded from the print head nozzle 204.
As will be appreciated by those practicing the concepts of the present disclosure, reference herein
to a component being “downstream” relative to another component refers to the direction of the

flow of cementitious material in the 3D printing architecture of the present disclosure, and
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indicates that cementitious material moving through the architecture would reach the
“downstream” component after a preceding component in the 3D printing architecture. For
example, the print head nozzle 204 is clearly “downstream” of the feed barrel 202 in Fig. 2 because
cementitious material cannot travel from the print head pump 218 to the print head nozzle 204

without traveling through the feed barrel 202.

[0019] The dual use extrusion head injectors 212 may take any of a variety of conventional or
yet to be developed forms without departing from the scope of the present disclosure. Referring
to Fig. 3, for example, the dual use extrusion head injectors 212 may include a steam inlet 220 in
fluid communication with the steam supply 208 (Fig. 2), a nozzle 222, a vacuum chamber 224 in
fluid communication with the CO2 supply 206 (Fig. 2), and a diffuser 226. A greater-pressure
steam 228 may be passed from the steam supply 208, through the inlet 220, and to the nozzle 222.
Referring still to Fig. 3, the pressure of the greater-pressure steam 228 may cause the greater-
pressure steam 228 to pass through a convergent portion of the nozzle 222. The passing of the
greater-pressure steam 228 through the convergent portion of the nozzle 222 may convert the
pressure of the greater pressure steam 228 into velocity to produce a greater-velocity steam 230.
As used in the present disclosure, the term “greater-velocity” may refer to a gas velocity greater
than the gas velocity of the greater-pressure steam 228 entering the dual use extrusion head ejector
212. As the greater-pressure steam 228 passes through the nozzle 222, the pressure decreases and

the gas velocity increases.

[0020]  The greater-velocity steam 230 may pass from the nozzle 222 into the internal volume
of the vacuum chamber 224. The decrease in pressure and increase in velocity of the greater
velocity steam 230 at the outlet of the nozzle 222 may produce a vacuum within the internal
volume of the vacuum chamber 224 through the Venturi effect. Similarly, a CO2-comprising
stream 232 may be passed from the CO2 supply 206 into the internal volume of the vacuum
chamber 224. The greater-pressure stream 234 may pass through the diffuser 226 and may

increase the gas velocity and decrease the pressure to produce the outlet stream 236.

[0021]  Again referring to Figs. 1 and 2, in some embodiments, the print head may further
comprise an extrusion head injector cover. The extrusion head injector cover 214 may be placed
around the plurality of dual use extrusion head injectors 212 to help minimize the loss of injected
steam and COz to the atmosphere. Further, a screed bar 216 may be positioned downstream of

the print head nozzle 204 to assist in smoothing and forming the cementitious composition 300.
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[0022]  Still referring to Figs. 1 and 2, the print head controller 215 is operatively coupled to
the valves 210 of the selective valve assembly and is programmed to execute a CO2 and steam
injection protocol where steam is exclusively selected for injection by the dual use extrusion head
injectors 212 into a cementitious composition 300 as it is extruded from the print head nozzle 204.
The injection of steam in this manner enhances a hydration reaction and the formation of
hydroxide in the cementitious composition 300. Steam is selected for injection before CO2, which
is also exclusively selected for injection by the dual use extrusion head injectors 212 into the
cementitious composition 300 as it is extruded from the print head nozzle 204. The injection of
CO: enhances a carbonation reaction in the cementitious composition 300. The extruded
cementitious composition 300 and the CO:2 and steam injection protocol can be advantageously
configured such that the extruded cementitious composition 300 is self-supporting at NTP. An
extruded cementitious composition 300 can be said to be “self-supporting” at NTP if it maintains
at least 95% of its dimensional integrity following extrusion and deposition. For the purposes of
the present disclosure, it 1s noted that normal temperature and pressure (NTP) denotes temperature

and pressure conditions at a temperature of 20°C and av absolute pressure of 1 atro.

[0023] The print head controller 215 may be programmed to execute the CO2 and steam
injection protocol to establish an alternating and repeating sequence of steam and COz injection
into the cementitious composition 300. The alternating and repeating sequence of steam and COz
injection into the cementitious composition 300 may comprise periods of steam injection in the
sequence that are larger than periods of COz injection in the sequence, at approximately equal

steam and COa flow rates.

[0024]  The periods of steam injection may be between approximately 3 and approximately 5
times larger than the periods of COz injection. For example, the periods of steam injection may
be approximately 2.0 minutes, whereas the periods of COz injection may be approximately 0.5
minutes. Further, the periods of steam injection may be approximately 2.0 minutes, at a flow rate
of approximately 10 ml/min, and the periods of COz injection may be approximately 0.5 minutes,
at a flow rate of approximately 10 ml/min. The periods of steam injection and the periods of COz
injection may be characterized by approximately equal flow rates. The respective injection
pressures can be at or above 1 atm, and the respective temperatures of the injected steam and COz
can approximate the temperatures of commercially available supplies of such fluids, i.e., at or
slightly above room temperature, for the injected COz, and at a relatively elevated temperature,

e.g., 60 °C, for the injected steam.
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[0025] Now referring to Figs. 4 and 5, the alternating and repeating sequence of steam injection
400 and CO: injection 402 may be described as comprising a series of injection-free periods 404
of duration to in the alternating and repeating sequence of steam injection 400 and CO: injection
402. It should be noted that in some embodiments, the alternating and repeating sequence of steam
injection 400 and CO: injection 402 may slightly overlap as one injection is finishing and the other
is beginning (See Fig. 5). In some embodiments, the duration of individual ones of the injection-
free periods 404 is between approximately O sec and approximately 20 sec, at FWHM. In other
embodiments, the duration of individual ones of the injection-free periods 404 is less than

approximately 10 sec, at FWHM.

[0026] The alternating and repeating sequence of steam injection 400 and COz injection 402
comprises a series of steam injection 400 periods of duration tuzo, a series of COz injection 402
periods of duration tcoz, and a series of injection-free periods 404 of duration to, satisfying the

following relations at full width at half maximum (FWHM):

ty20 2 teoz = lo;
0 sec < tyyp < 180 sec;
0 sec < tgpp < 60 sec; and

0 sec <ty < 20 sec.

[0027]  Again referring to Figs. 1 and 2, the dual use extrusion head injectors 212 are positioned
to selectively inject CO2 and steam into the cementitious composition 300 downstream of the print
head nozzle 204. The dual use extrusion head injectors 212 may be positioned to selectively inject
CO: and steam from positions that at least partially surround an extruded column of cementitious

composition 300.

[0028]  The print head controller 215 may take any of a variety of conventional or yet to be
developed forms of programmable controllers, may comprise a single or multiple controllers, and
is configured to communicate with and control the valves 210 of the selective valve assembly
according to its programmed injection protocol. The print head controller 215 may also be
programmed to cooperate with the 3D print head positioning framework 100 to control the 3D

position of the print head nozzle 204.

[0029]  Selective valve assemblies contemplated by the present disclosure may comprise

independent valve assembly components 210 that are dedicated to respective ones of the CO2
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supply 206 and the steam supply 208, as 1s illustrated in Figs. 1 and 2, or an integrated valve
assembly unit in communication with the COz supply 206 and the steam supply 208. Suitable
selective valve assemblies may take any of a variety of conventional or yet to be developed valve
assembly configurations including, for example, individual valves and valve actuators dedicated
to each of the CO2 supply 206 and steam supply 208, or an integrated valve assembly unit in

communication with the coz supply 206 and steam supply 208.

[0030]  Still referring to Figs. 1 and 2, the CO2 supply 206 and the steam supply 208 may
comprise pressurized gas containers, pressurized supply lines, or a combination thereof. The feed
barrel 202 may be oriented and shaped to direct the cementitious composition 300 to the print
head nozzle 204 at least partially under the force of gravity. The print head 200 may comprise a
supplemental extrusion pump 219 arranged to force the cementitious composition 300 in the feed

barrel 202 to the print head nozzle 204.

[0031]  As is illustrated in Fig. 1, the print head 200 may be mounted to the 3D positioning
framework 100 for 3D movement of the print head nozzle. The 3D print head positioning
framework 100 may take any of a variety of conventional or yet to be developed forms. In one
embodiment, the 3D print head positioning framework 100 may be comprised of a number of rails
supported by a number of pillars, wherein the rails and pillars support conduit to hold and
manipulate the print head 200. The 3D printing architecture may further comprise a source of

cementitious material in communication with the feed barrel 202 of the print head 200.

[0032] In some embodiments, the cement supply may be sourced into the print head pump 218
and routed through conduits supported on the rails and pillars of the 3D print head positioning
framework 100. It should be noted the source may take any of a variety of conventional forms,
including, but not limited to a cement mixer, a concrete mixer, a concrete truck, or a cement truck,

or yet to be developed forms.

[0033] Additional embodiments are contemplated where the print head of the 3D printing
architecture does not utilize a print head controller, in which case the selective injection of steam
and CO2 would be controlled in some other manner, i.e., either manually or with some other type
of controller. Still further embodiments are contemplated where the dual use extrusion head
injectors described above are not dual use extrusion head injectors, in which case separate injectors

would need to be provided for separate injection of steam and COa.
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[0034] One or more aspects of the present disclosure are described herein. A first aspect of the
present disclosure may include a print head for extruding a cementitious composition, the print
head comprising a feed barrel, a print head nozzle, a COz supply, a steam supply, a selective valve
assembly in communication with the CO:2 supply and the steam supply, a plurality of dual use
extrusion head injectors, and a print head controller, wherein: the feed barrel is oriented and
shaped to receive a cementitious composition and to direct the cementitious composition to the
print head nozzle; the selective valve assembly communicatively couples the CO2 supply and the
steam supply to the dual use extrusion head injectors for the selective injection of COz and steam
from individual ones of the dual use extrusion head injectors; the plurality of dual use extrusion
head injectors are positioned downstream of the print head nozzle for selective injection of CO2
and steam into a cementitious composition extruded from the print head nozzle; and the print head
controller is operatively coupled to the selective valve assembly and is programmed to execute a
CO: and steam injection protocol where steam 1s exclusively selected for injection by the dual use
extrusion head injectors into a cementitious composition as it is extruded from the print head
nozzle to enhance a hydration reaction and formation of hydroxide in the cementitious
composition before COz is exclusively selected for injection by the dual use extrusion head
injectors into the cementitious composition as it is extruded from the print head nozzle to enhance

a carbonation reaction in the cementitious composition.

[0035] A second aspect of the present disclosure may include the first aspect, wherein the print
head controller is programmed to execute the CO2 and steam injection protocol to establish an

alternating and repeating sequence of steam and COz injection into the cementitious composition.

[0036] A third aspect of the present disclosure may include the second aspect, wherein the
alternating and repeating sequence of steam and COz injection into the cementitious composition
comprises periods of steam injection in the sequence that are larger than periods of CO: injection

in the sequence, at approximately equal steam and COz flow rates.

[0037] A fourth aspect of the present disclosure may include the third aspect, wherein the
periods of steam injection are between approximately 3 and approximately 5 times larger than the

periods of COz injection.

[0038] A fifth aspect of the present disclosure may include the fourth aspect, wherein the

periods of steam injection are approximately 2.0 minutes.
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[0039] A sixth aspect of the present disclosure may include the fourth or fifth aspects, wherein

the periods of COz injection are approximately 0.5 minutes.

[0040] A seventh aspect of the present disclosure may include the third aspect, wherein the
periods of steam injection are approximately 2.0 minutes, at a flow rate of approximately 10
ml/min, and the periods of CO: injection are approximately 0.5 minutes, at a flow rate of

approximately 10 ml/min.

[0041] An eighth aspect of the present disclosure may include any one of the second through
seventh aspects, wherein the alternating and repeating sequence of steam and CO: injection
comprises a series of injection-free periods of duration t in the alternating and repeating sequence

of steam and COz injection.

[0042] A ninth aspect of the present disclosure may include the eighth aspect, wherein the
duration of individual ones of the injection-free periods is between approximately O sec and

approximately 20 sec.

[0043] A tenth aspect of the present disclosure may include the eighth aspect, wherein the

duration of individual ones of the injection-free periods is less than approximately 10 sec.

[0044]  An eleventh aspect of the present disclosure may include any one of the second through
tenth aspects, wherein the alternating and repeating sequence of steam and CO2z injection
comprises a series of steam injection periods of duration tu2o, a series of co2 injection periods of
duration tcoz, and a series of injection-free periods of duration to, satisfying the following relations,

at FWHM:

th2o 2 teoz 2 lo;
0 sec < tyyp < 180 sec;
0 sec < tgpp, < 60 sec; and

0 sec <ty < 20 sec.

[0045] A twelfth aspect of the present disclosure may include any one of the third through
eleventh aspects, wherein the periods of steam injection and the periods of CO: injection are

characterized by approximately equal flow rates.
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[0046] A thirteenth aspect of the present disclosure may include any one of the second through
twelfth aspects, wherein: the dual use extrusion head injectors are positioned to selectively inject
COz and steam into the cementitious composition downstream of the print head nozzle; and the
dual use extrusion head injectors are positioned to selectively inject CO2 and steam into the
cementitious composition from positions that at least partially surround an extruded column of

cementitious composition.

[0047] A fourteenth aspect of the present disclosure may include any one of the second through
thirteenth aspects, wherein the selective valve assembly comprises independent valve assembly
components dedicated to respective ones of the CO:z supply and the steam supply, or an integrated

valve assembly unit in communication with the COz supply and the steam supply.

[0048] A fifteenth aspect of the present disclosure may include any one of the second through
fourteenth aspects, wherein the CO: supply and the steam supply comprise pressurized gas

containers, pressurized supply lines, or a combination thereof.

[0049] A sixteenth aspect of the present disclosure may include a 3D printing architecture
comprising a 3D print head positioning framework and the print head of any one of the first
through fifteenth aspects, wherein the print head is mounted to the 3D positioning framework for

3D movement of the print head nozzle.

[0050] A seventeenth aspect of the present disclosure may include the sixteenth aspect, the 3D
printing architecture further comprises a source of cementitious material in communication with
the feed barrel of the print head; and the extruded cementitious composition and the CO2 and
steam injection protocol are configured such that the extruded cementitious composition is self-

supporting at NTP.

[0051] An eighteenth aspect of the present disclosure may include any one of the first through
fifteenth aspects, further comprising an extrusion head injector cover positioned around the
plurality of dual use extrusion head injectors to minimize the loss of CO2 and steam to the

atmosphere.

[0052] A nineteenth aspect of the present disclosure may include the eighteenth aspect, further
comprising a screed bar positioned downstream of the extrusion head injector cover and the print

head nozzle to form the cementitious composition.
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[0053] A twentieth aspect of the present disclosure may include print head for extruding a
cementitious composition, the print head comprising a feed barrel, a print head nozzle, a COz
supply, a steam supply, a selective valve assembly in communication with the COz supply and the
steam supply, and a plurality of dual use extrusion head injectors, wherein: the feed barrel is
oriented and shaped to receive a cementitious composition and to direct the cementitious
composition to the print head nozzle; the selective valve assembly communicatively couples the
COz supply and the steam supply to the dual use extrusion head injectors for the selective injection
of CO2 and steam from individual ones of the dual use extrusion head injectors; each of the
plurality of dual use extrusion head injectors are coupled to the CO2 supply and the steam supply
by the selective valve assembly and are positioned to selectively inject CO2 and steam into the
cementitious composition downstream of the print head nozzle; and the dual use extrusion head
injectors are positioned to selectively inject CO2 and steam into the cementitious composition

from positions that at least partially surround an extruded column of cementitious composition.

[0054] A twenty-first aspect of the present disclosure may include a print head for extruding a
cementitious composition, the print head comprising a feed barrel, a print head nozzle, a COz
supply, a steam supply, a selective valve assembly in communication with the COz supply and the
steam supply, a plurality of dual use extrusion head injectors, and a print head controller, wherein:
the feed barrel is oriented and shaped to receive a cementitious composition and to direct the
cementitious composition to the print head nozzle; the selective valve assembly communicatively
couples the CO2 supply and the steam supply to the dual use extrusion head injectors for the
selective injection of CO2 and steam from the dual use extrusion head injectors; the dual use
extrusion head injectors are positioned downstream of the print head nozzle for selective injection
of COz2 and steam into a cementitious composition extruded from the print head nozzle; and the
print head controller is operatively coupled to the selective valve assembly and is programmed to
execute a CO2 and steam injection protocol where steam is selected for injection by the dual use
extrusion head injectors into a cementitious composition as it is extruded from the print head
nozzle to enhance a hydration reaction and formation of hydroxide in the cementitious
composition before COxz is selected for injection by the dual use extrusion head injectors into the
cementitious composition as it is extruded from the print head nozzle to enhance a carbonation

reaction in the cementitious composition.

[0055] A twenty-second aspect of the present disclosure may include a method of extruding a

cementitious composition from a print head comprising a feed barrel, a print head nozzle, a COz
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supply, a steam supply, a selective valve assembly in communication with the CO2 supply and the
steam supply, and a plurality of dual use extrusion head injectors, wherein: the feed barrel is
oriented and shaped to receive a cementitious composition and to direct the cementitious
composition to the print head nozzle; the selective valve assembly communicatively couples the
COz supply and the steam supply to the dual use extrusion head injectors for the selective injection
of CO2 and steam from individual ones of the dual use extrusion head injectors; the plurality of
dual use extrusion head injectors are positioned downstream of the print head nozzle for selective
injection of COz and steam into a cementitious composition extruded from the print head nozzle;
and the method comprises operating the selective valve assembly to select steam for injection by
the dual use extrusion head injectors into a cementitious composition as it is extruded from the
print head nozzle to enhance a hydration reaction and formation of hydroxide in the cementitious
composition, and to subsequently select CO:z for injection by the dual use extrusion head injectors
into the cementitious composition as it is extruded from the print head nozzle to enhance a

carbonation reaction in the cementitious composition.

[0056] It is noted that recitations herein of a component of the present disclosure being
"configured" or “programmed” in a particular way, to embody a particular property, or to function
in a particular manner, are structural recitations, as opposed to recitations of intended use. More
specifically, the references herein to the manner in which a component is "configured" or
“programmed” denotes an existing physical condition of the component and, as such, is to be

taken as a definite recitation of the structural characteristics of the component.

[0057]  For the purposes of describing and defining the present invention it is noted that the
term “approximately” is utilized herein to represent the inherent degree of uncertainty that may
be attributed to any quantitative comparison, value, measurement, or other representation. The
term “approximately” is also utilized herein to represent the degree by which a quantitative
representation may vary from a stated reference without resulting in a change in the basic function

of the subject matter at issue.

[0058] Having described the subject matter of the present disclosure in detail and by reference
to specific embodiments thereof, it is noted that the various details disclosed herein should not be
taken to imply that these details relate to elements that are essential components of the various
embodiments described herein, even in cases where a particular element is illustrated in each of

the drawings that accompany the present description. Further, it will be apparent that



WO 2021/133587 PCT/US2020/065030

14

modifications and variations are possible without departing from the scope of the present
disclosure, including, but not limited to, embodiments defined in the appended claims. More
specifically, although some aspects of the present disclosure are identified herein as preferred or
particularly advantageous, it is contemplated that the present disclosure is not necessarily limited

to these aspects.

[0059] It is noted that one or more of the following claims utilize the term “wherein” as a
transitional phrase. For the purposes of defining the present invention, it is noted that this term is
introduced in the claims as an open-ended transitional phrase that is used to introduce a recitation
of a series of characteristics of the structure and should be interpreted in like manner as the more

commonly used open-ended preamble term “comprising.”
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CLAIMS

1. A print head for extruding a cementitious composition, the print head comprising
a feed barrel, a print head nozzle, a COz supply, a steam supply, a selective valve assembly
in communication with the CO2 supply and the steam supply, a plurality of dual use
extrusion head injectors, and a print head controller, wherein:

the feed barrel is oriented and shaped to receive the cementitious composition and
to direct the cementitious composition to the print head nozzle;

the selective valve assembly communicatively couples the CO2 supply and the
steam supply to the dual use extrusion head injectors for the selective injection of CO2
and steam from individual ones of the dual use extrusion head injectors;

the plurality of dual use extrusion head injectors is positioned downstream of the
print head nozzle for selective injection of CO2 and steam into the cementitious
composition extruded from the print head nozzle; and

the print head controller is operatively coupled to the selective valve assembly and
is programmed to execute a CO2 and steam injection protocol where steam is exclusively
selected for injection by the dual use extrusion head injectors into the cementitious
composition as it is extruded from the print head nozzle to enhance a hydration reaction
and formation of hydroxide in the cementitious composition before CO: is exclusively
selected for injection by the dual use extrusion head injectors into the cementitious
composition as it is extruded from the print head nozzle to enhance a carbonation reaction

in the cementitious composition.

2. The print head for extruding a cementitious composition of claim 1, wherein the
print head controller is programmed to execute the CO2 and steam injection protocol to
establish an alternating and repeating sequence of steam and CO2 injection into the

cementitious composition.

3. The print head for extruding a cementitious composition of claim 2, wherein:
the alternating and repeating sequence of steam and CO2 injection into the

cementitious composition comprises periods of steam injection in the sequence that are
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larger than periods of COz2 injection in the sequence, at equal steam and CO2 flow rates;
and
the periods of steam injection are between 3 and 5 times larger than the periods of

COz injection.

4. The print head for extruding a cementitious composition of claim 3, wherein the
periods of steam injection are 2.0 minutes and the periods of CO: injection are 0.5

minutes.

5. The print head for extruding a cementitious composition of either claim 3 or 4,
wherein the periods of steam injection are 2.0 minutes, at a flow rate of 10 ml/min, and

the periods of COz injection are 0.5 minutes, at a flow rate of 10 ml/min.

6. The print head for extruding a cementitious composition of any one of claims 2-
5, wherein the alternating and repeating sequence of steam and COz injection comprises
a series of injection-free periods of duration t in the alternating and repeating sequence of
steam and COz injection, and wherein the duration of individual ones of the injection-free

periods is between 0 sec and 20 sec.

7. The print head for extruding a cementitious composition of claim 6, wherein the

duration of individual ones of the injection-free periods is less than 10 sec.

8. The print head for extruding a cementitious composition of any one of claims 2-
7, wherein the alternating and repeating sequence of steam and CO: injection comprises
a series of steam injection periods of duration tmzo, a series of coz injection periods of
duration tcoz, and a series of injection-free periods of duration to, satisfying the following

relations, at FWHM:

th2o0 = teoz = to;
0 sec < ty,o < 180 sec;
0 sec < tcp, < 60 sec; and

0sec <ty < 20 sec.
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9. The print head for extruding a cementitious composition of any one of claims 3-
8, wherein the periods of steam injection and the periods of CO: injection are

characterized by equal flow rates.

10. The print head for extruding a cementitious composition of any one of claims 2-
9, wherein:

the dual use extrusion head injectors are positioned to selectively inject CO2 and
steam into the cementitious composition downstream of the print head nozzle; and

the dual use extrusion head injectors are positioned to selectively inject CO2 and
steam into the cementitious composition from positions that at least partially surround an

extruded column of cementitious composition.

11. The print head for extruding a cementitious composition of any one of claims 2-
10, wherein the selective valve assembly comprises independent valve assembly
components dedicated to respective ones of the COz2 supply and the steam supply, or an

integrated valve assembly unit in communication with the CO2 supply and the steam

supply.

12. The print head for extruding a cementitious composition of any one of claims 2-
11, wherein the CO:2 supply and the steam supply comprise pressurized gas containers,

pressurized supply lines, or a combination thereof.

13. A 3D printing architecture comprising a 3D print head positioning framework and
the print head of any one of claims 1-12, wherein the print head is mounted to the 3D

positioning framework for 3D movement of the print head nozzle.

14. The 3D printing architecture of claim 13, wherein:

the 3D printing architecture further comprises a source of cementitious material
in communication with the feed barrel of the print head; and

the extruded cementitious composition and the CO2 and steam injection protocol

are configured such that the extruded cementitious composition is self-supporting at NTP.
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15. The print head for extruding a cementitious composition of any one of claims 1-
12, further comprising an extrusion head injector cover positioned around the plurality of
dual use extrusion head injectors to minimize the loss of CO2 and steam to the atmosphere,
and optionally a screed bar positioned downstream of the extrusion head injector cover

and the print head nozzle to form the cementitious composition.

16. A print head for extruding a cementitious composition, the print head comprising
a feed barrel, a print head nozzle, a CO2 supply, a steam supply, a selective valve assembly
in communication with the CO2 supply and the steam supply, a plurality of dual use
extrusion head injectors, and a print head controller, wherein:

the feed barrel is oriented and shaped to receive the cementitious composition and
to direct the cementitious composition to the print head nozzle;

the selective valve assembly communicatively couples the CO2 supply and the
steam supply to the dual use extrusion head injectors for the selective injection of CO2
and steam from the dual use extrusion head injectors;

the dual use extrusion head injectors are positioned downstream of the print head
nozzle for selective injection of CO: and steam into the cementitious composition
extruded from the print head nozzle; and either

the print head controller is operatively coupled to the selective valve assembly and
is programmed to execute a CO2 and steam injection protocol where steam is selected for
injection by the dual use extrusion head injectors into the cementitious composition as it
is extruded from the print head nozzle to enhance a hydration reaction and formation of
hydroxide in the cementitious composition before COz is selected for injection by the dual
use extrusion head injectors into the cementitious composition as it is extruded from the
print head nozzle to enhance a carbonation reaction in the cementitious composition, or

the dual use extrusion head injectors are positioned to selectively inject CO2 and
steam into the cementitious composition from positions that at least partially surround an

extruded column of cementitious composition.

17. A method of extruding a cementitious composition from a print head comprising

a feed barrel, a print head nozzle, a COz supply, a steam supply, a selective valve assembly
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in communication with the CO2 supply and the steam supply, and a plurality of dual use
extrusion head injectors, wherein:

the feed barrel is oriented and shaped to receive the cementitious composition and
to direct the cementitious composition to the print head nozzle;

the selective valve assembly communicatively couples the CO2 supply and the
steam supply to the dual use extrusion head injectors for the selective injection of CO2
and steam from individual ones of the dual use extrusion head injectors;

the plurality of dual use extrusion head injectors is positioned downstream of the
print head nozzle for selective injection of CO2 and steam into the cementitious
composition extruded from the print head nozzle; and

the method comprises operating the selective valve assembly to select steam for
injection by the dual use extrusion head injectors into the cementitious composition as it
is extruded from the print head nozzle to enhance a hydration reaction and formation of
hydroxide in the cementitious composition, and to subsequently select CO2 for injection
by the dual use extrusion head injectors into the cementitious composition as it is extruded
from the print head nozzle to enhance a carbonation reaction in the cementitious

composition.



