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CHAPTER 1

INTRODUCTION

1.1. Overview

3D printing is a process by which structures are built up layer-by-layer by progressively adding
material to create a three-dimensional object. Also known as additive manufacturing, 3D printing
has experienced rapid growth into new technologies and applications [1-8]. Meanwhile, growth
in worker productivity and profit margins in the infrastructure and construction industries have
lagged behind those for other industries, and these industries produce more than 21 million tons
of concrete waste in the United States alone per year [2, 9]. Advances in 3D printing, specifically
the 3D printing of cementitious materials, may provide the technological basis to help break the

productivity stagnation and reduce waste in these industries.

While concrete — the most ubiquitously used construction material in the world — is materially
inexpensive, traditional casting methods have very high associated labor cost, resulting in
complexity and customization being expensive. By automatically depositing material based on a
computer-generated model, 3D printing allows greater freedom for customization compared to
traditional casting techniques, reduces the cost of creating sophisticated architectural designs,
and shortens design and development cycles [7, 8]. It could also allow for a reduction in
expenses relating to labor and formwork, which account for between 35% and 60% of the cost of
building concrete structures [9]. However, because cementitious materials are subject to more
constraints to be appropriate for use as 3D printing inks compared to casting, the development of
new materials and a better understanding of the interplay between ink formulation, extrusion
process, and mechanical and thermal properties are needed to make 3D printing commercially

viable.

Internal fiber reinforcement [10-24] and nanoparticle inclusion [18, 25-34] have been identified
as approaches, which can impact the cement ink behavior, improving mechanical performance
and rheological control. Many types of fiber reinforcement and nanoparticles have been
investigated, but for the research presented here, the focus has been on carbon micro and
nanofibers — due to their outstanding strength-to-weight ratio making them promising



reinforcement candidates [35-41] — and halloysite nanoclay — due to its demonstrated effects on
rheology and hardened mechanical properties and its high aspect ratio [42-45]. While many
studies have focused on the rheological properties of cement inks [18, 46-62] and the mechanical
anisotropy caused by the layer-by-layer building process [33, 52, 63-82], very little research has
focused on the effects of the extrusion process on the chemo-mechanical behavior of the

filaments or on the anisotropy of the thermal properties [83-85].

Hypothesis: Interactions between the printing process and cement ink formulation can result in
changes in the microstructure and phase assemblages of extruded filaments, which, in turn,
impact the macroscale mechanical and thermal performance of printed structures. These
interactions can be controlled by changing the cement ink formulation through internal nano

and microscale reinforcements and nanoparticle addition.

1.2. Objectives and Approach

The overall objective of the research was to investigate the relationship between the 3D printing

process and the multiscale chemo-mechanical performance of extruded cementitious filaments
and how that relationship can be controlled through cement ink formulation. To-date, most
research has investigated the relationship between rheology and printability, anisotropic
macroscale mechanical behavior, and the behavior of interlayer interfaces, and little to no
research has focused on the impact of the printing process on the chemo-mechanical behavior of
the printed filaments. In particular, the composition of extruded filaments can be dynamically
affected by the pressure and shear stresses inherent to extrusion, resulting in the formation of a
watery lubrication layer at the surface of extruded filaments and the potential for microstructural
reorganization [86-88]. The prevalence of filament heterogeneity caused by extrusion pressure
can be affected through the addition of carbon micro/nanofibers and nanoclays, through
alignment of particles in the direction of extrusion, hydrophobic/hydrophilic interactions with the
paste water, or through migration of the particles themselves under extrusion pressure.
Additionally, the effects of internal architecture and ink composition on the thermal performance
of printed structures have not been adequately investigated. The chemo-mechanical performance
of 3D printed filaments and structures with and without the incorporation of carbon micro and

nanofibers and halloysite nanoclay was investigated by analyzing (i) filament formation and
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morphology, (ii) physical and chemical properties of the microstructure, (iii) micromechanical
properties, and (iv)physical and chemical properties of the microstructure. The relationship
between cement ink formulation, internal architecture, and thermal performance was also

investigated. The four specific objectives addressed in this dissertation are:

1. Investigate the effects of the 3D printing process on the microstructure and
micromechanical properties of printed filaments

2. Determine the effects of internal carbon micro and nanofiber reinforcement on the
microstructure and macroscale mechanical properties of 3D printed cementitious
structures

3. Characterize the effects of halloysite nanoclay addition on the microstructure and
mechanical response of 3D printed cementitious filaments and structures

4. Evaluate the effects the internal architecture of 3D printed cementitious filaments and
halloysite nanoclay addition on the thermal performance of 3D printed cement-based
structures

A multiscale experimental approach was used that examined the material behavior from the
microstructure within extruded filaments to the macroscale properties of printed structures. For
all experiments, specimens cast with the cement ink were utilized as references to identify the
effects of the printing process. The approach integrates microstructural characterization with
environmental scanning electron microscopy, chemical characterization with energy-dispersive
X-ray spectroscopy and thermogravimetric analysis, macromechanical characterization with
uniaxial compression and three-point bending testing, and thermal characterization with an
infrared imaging technique. The selection of cement ink additions was carefully considered to
increase the understanding of the effects of common approaches to addressing the requirements
of 3D printing with cementitious materials (i.e., internal reinforcement and rheology-control
additives) on the multiscale behavior of the printed filaments and structures. The research aims
to provide a better understanding of the relationships between the printing process, filament

properties, and macroscale mechanical and thermal performance.

1.3. Structure of the Dissertation

This dissertation is organized into seven chapters. Chapter 2 contains a review of relevant
literature pertaining to the research in this dissertation. Chapter 3 discusses the effects of

extrusion process on the chemical and microstructural behavior of printed filaments. The
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microstructure and micromechanical properties of printed filaments were investigated through
coupled statistical grid nanoindentation, environmental scanning electron microscopy, and
energy dispersive X-ray spectroscopy. Chapter 4 discusses the impacts of carbon micro and
nanofiber addition to the cement ink on filament formation, microstructure, and macroscale
mechanical properties. The microstructure was investigated with environmental scanning
electron microscopy, chemistry with energy dispersive X-ray spectroscopy and
thermogravimetric analysis, and macroscale mechanical properties with uniaxial compressive
testing. Chapter 5 discusses the effects of halloysite nanoclay incorporation into the cement ink
on filament formation, microstructure, chemistry, micromechanics, and macroscale mechanical
properties. Microstructure, chemistry, and micromechanics were collected with a similar
experimental program as for Chapter 3 to compare cement inks with and without halloysite
nanoclay. Macroscale mechanical properties were investigated with uniaxial compression and
three-point bending flexure testing. Chapter 6 discusses the impact of internal architecture and
the addition of halloysite nanoclay on the thermal performance of printed structures. Thermal
performance was investigated through an infrared imaging technique, which yields comparative
effective conductivity properties. Finally, Chapter 7 summarizes the results of this research and

presents recommendations for future work.



CHAPTER 2

LITERATURE REVIEW

2.1. Overview

This section provides a synopsis of the literature relating to the research detailed in this
dissertation. An overview of the state of extrusion-based 3D printing with cementitious materials
is provided, including fresh state properties and printability, as well as hardened macro and
micromechanical properties and anisotropy. Also discussed are reinforcement strategies,
particularly the incorporation of short fibers (typically less than 5 cm in length) in cement inks.
Next is a brief overview of the effects of nanoclays in cementitious materials with a focus on
their use in cement inks and an overview on halloysite nanoclay, which was the nanoclay type
used for the research in this dissertation. Finally, the thermal performance of buildings and the

opportunity offered by 3D printing to improve thermal control o are discussed.

2.2. Construction-Scale 3D Printing

3D printing, also known as additive manufacturing, was first invented in the 1980’s as a method
by which a computer model could be used to produce a three-dimensional structure by stacked
cross-sections [89]. With computational and hardware advances, 3D printing has become
increasingly popular, particularly with thermoplastic materials. By having a robotic layer-by-
layer deposition or bonding of material, complex geometries which may be difficult or
impossible to construct with traditional methods can be created cheaply and easily. More
recently, interest has grown in adopting 3D printing methods for construction, particularly with

cement-based materials printed by extrusion [7].

Concrete is the most ubiquitously used material in the world after water [8]. It is attractive as a
structural material due to its low material cost and characteristically high compressive strength.
However, concrete-based construction is labor-intensive and produces a large amount of waste,
particularly due to single-use formwork, which is used to shape poured concrete. Labor and
formwork costs typically account for 35 to 60% of the cost associated with concrete construction
[9]. Additionally, concrete is a carbon-intensive material, primarily due to the high energy

demand of the cement production process, which accounts for about 5 — 7% of global carbon
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emissions [90]. By building in an automated and formwork-free fashion, 3D printing can
improve construction efficiency and sustainability. It can also improve architectural design
freedom by reducing the cost associated with complex geometry and increasing material
flexibility [7, 8]. By placing material only where necessary for the functionality of a building and
by increasing the possibility of incorporating alternative materials, 3D printing can be used to

reduce the environmental impact of the construction industry [91].

However, there are technical challenges, which must be addressed before construction-scale 3D
printing can be widely adopted. For a cement-based material to be appropriate for use as a 3D
printing ‘ink’, it must have appropriate rheology in the fresh state to allow both extrusion and
buildability. It must provide adequate material properties in the hardened state despite the
introduction of anisotropy from the directionality of the printing process. Reinforcement
strategies must be developed due to the practical limitations of using traditional steel rebar
lattices with an extrusion process [1-4, 6, 8, 48, 61, 92, 93]. Also, the relationship between ink
composition, printed architecture, and thermal performance needs to be better understood [94].
Consideration should, therefore, be given to identify the complex relationships between the
printing process, cement chemistry, microstructure, and macrostructural behavior and to utilize

the findings to develop new cement inks.

2.3. Fresh Properties and Printability Requirements of Cement Inks

The window of appropriate rheological characteristics for a cementitious material to be used as a
3D printing cement ink is much narrower than that of traditional casting methods, as cement inks
have competing workability and shape-stability requirements. A cement ink must be sufficiently
workable that it can be formed into filaments, extruded, and compacted without vibration, while
also having sufficient buildability to hold its shape without slump or deformation once it has
been placed and under the weight of subsequent layers. It must set as quickly as possible for
early-age strength development, but not so quickly that interlayer adhesion is negatively affected
or cold-joints are formed between layers [4, 8, 54, 61, 62]. Some of these requirements can also
be affected by printing process parameters and conditions. For example, the time between layer
depositions can be tuned to provide for the bleeding and set time characteristics of the cement
ink. Consequently, the relationship between the fresh properties of the ink and the process

parameters must be carefully considered to ensure printability [53, 54, 59, 60].
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Workability, or the ease with which cementitious materials may be mixed, compacted, and
placed, is an important component of printability [57, 58]. Traditionally, several tests are used to
determine the workability of concrete, including the slump test, compacting factor tests, and flow
tests, which are covered by various standards in many countries [54, 57]. Sufficient paste
workability is required for 3D printing applications in order to ensure that air voids may be
removed before extrusion and that the paste may be properly shaped into filaments during
extrusion [54]. Practically, workability has two components: dynamic yield stress and plastic

viscosity.

Cementitious materials are often modeled as a Bingham fluid or a Herschel Bulkley fluid, with
the three-parameter Herschel Bulkley considered to do a better job of approximating the non-
linear stress-strain relationship than the two-parameter Bingham model [95, 96]. In many cases,
these models are useful for predicting the flow behaviors of fresh pastes because they account for
the fact that fresh cementitious materials do not flow below a critical dynamic yield stress [46,
62, 95, 97]. However, these models assume that the paste behaves as a homogenous fluid,
ignoring the tendency of the component materials to segregate, particularly when exposed to the
pressure required for extrusion. Cementitious materials have been shown to produce a lubrication
layer at the pipe wall when pumped, caused by the migration of suspended particles away from
the walls of the pipe (or the printing nozzle in the case of 3D printing). Their pumpability is
influenced by their ability to form and maintain the lubrication layer under pumping conditions,
and models that do not account for its formation do not accurately predict the pumping and
extrusion behavior of fresh cementitious materials [3, 8, 52, 58, 86, 98-102]. Furthermore, the
thickness and behavior of the lubrication layer is affected by the composition of the paste mix [3,

99], and so must be carefully considered during mix design.

During pumping, it has been shown that particle migration is primarily shear-induced or caused
by wall effects. These effects are likely to be exacerbated by the relatively narrow diameter
through which the ink is to be extruded in many 3D printing systems, due to the higher surface
area-to-volume ratio of such systems. Shear-induced particle migration is the result of the
competing driving forces of colliding particles in zones that are highly sheared or highly
concentrated zones migrating out of those zones and the local increase in suspension viscosity

caused by this migration. Consequently, particle migration tends to be localized to regions of



high shear and at flow interfaces. This process is thought to be largely responsible for the
formation of lubrication layers at the nozzle wall, as cement and aggregate particles migrate
away from the high-shear wall region [99, 101-103]. Therefore, the material must also maintain
resistance to dynamic segregation or flow induced particle migration to preserve adequate
particle distribution in the hardened paste. Printing discontinuity errors caused by nozzle
blockages due to particle segregation are of particular concern for cement inks [61].
Additionally, for sensitive mixes, particle segregation may destabilize the paste to the extent that
water drainage occurs, preventing it from being an effective ink [86-88]. In order to combat
drainage, viscosity modifying admixtures and ultrafine substances such as nanoclay and silica
fume may be added to the ink [88]. However, there has been little to no investigation into the
relationship between the printing process, shear-induced particle migration, and hardened

microstructure and mechanical properties.

Once placed, an extruded filament must have sufficient buildability, or the ability to hold its
shape after being extruded, and then to bear the weight of subsequent layers in its fresh state
without significant filament deformation or structure collapse [46, 51-56]. In order to prevent
print failure due to extruded filament deformation, a cement ink must have a sufficiently high
static yield stress [49, 50], which is contrasting with the requirement of sufficiently low dynamic
yield stress for extrudability, thereby narrowing the range of pastes that may be considered
printable. One approach is to take advantage of the structural buildup inherent to cementitious
materials to improve this relationship. Cementitious materials are generally thixotropic, meaning
that their viscosity is reversibly time dependent relative to the material being sheared. As more
time passes since the material has been sheared (i.e., extruded) the yield stress of the material
increases, making the time between layers an important factor in an ink’s buildability [18, 46-
48]. There are several types of additives, which have been utilized to increase the thixotropic
behavior and improve buildability of cement inks, including nanoclays [18, 25-31]. The effects
of printability additives on hardened microstructure and mechanical properties requires,

however, further investigation.

2.4. Hardened Mechanical Properties and Anisotropy

In addition to printability requirements, a cement ink must have sufficient hardened material

properties to be useful as a structural material. Like traditionally cast cementitious materials, 3D
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printed cementitious materials have characteristically high compressive strength and are
comparatively weak and brittle in tension. However, the layer-by-layer and orientational nature
of extrusion-based 3D printing methods introduce significant mechanical anisotropy — the
mechanical properties are dependent on the directionality in which they are tested [80-82].

In compression, 3D printed structures have generally performed similarly to cast references
when tested with load applied perpendicular to interfacial alignment, with some studies reporting
3D printed specimens to be slightly stronger than cast references, presumably due to
densification of the paste during extrusion [52, 79]. In flexure, printed structures have been
reported to have 6-14% higher strength than reference cast samples when load is applied
orthogonally to filament orientation, but significant reductions have been found in other
orientations [52, 63, 79].

For many 3D printed cementitious structures, the interlayer interfacial region is the first point of
failure and the largest source of material anisotropy [8, 65, 69, 76-78]. There are several
mechanisms thought to contribute to the relative weakness of interfacial regions. It has been
shown that interlayer bonding strength is greatly affected by the amount of water that is present
on the surface of the filaments when they are joined, as its presence promotes interlayer mixing
[33, 71, 75]. Consequently, the cycle time between the deposition of each layer has been found to
greatly influence interlayer bonding strength. Short cycle times have been found to promote
strong interfacial bonding, as there is water present due to extrusion pressure-induced
segregation. However, as the cycle time increases, interlayer bonding strength decreases, and
several studies have found that it reaches a local minimum at a cycle time of 15 to 20 minutes.
Initially, surface water level decreases due to evaporation, but after reaching a minimum level,
bleeding increases surface water until the paste begins hardening [59, 75, 80]. Longer cycle
times have generally been found to produce weaker interlayer bonds with higher porosity [63,
64, 70, 72-74]. 1t has also been suggested that thixotropic buildup in the lower layer, while
beneficial to ink buildability, may prevent mixing with subsequently placed layers to some
degree [33, 68-70]. Several other factors also play an important role in determining interlayer
bonding strength, including print quality, bond area, and factors influencing ink rheology such as
aggregate content and paste age [63-66, 71]. Interfacial bonding strength has been found to vary

from system to system, ranging from interfaces that are effectively as strong as the bulk filament



material to quasi-cold joints, which are consistently the origin of material failure during testing
[63-67]. It has also been demonstrated that with careful design of the architecture, weak
interfaces can be utilized to increase toughness and flaw tolerance by promoting damage
delocalization [104].

However, despite studies on the anisotropic nature of printed structures, the effects of the
extrusion process on the hardened filaments themselves has yet to be understood, especially with
regards to the multiscale nature of cementitious materials. While cementitious materials are
generally considered to be homogenous at the macroscale, cement microstructure is a complex
arrangement of chemical phases that interact to impart macroscale properties. Consequently,
changes to the local composition of filaments caused by extrusion pressure-induced segregation
may lead to stronger and weaker zones in the hardened microstructure, and the impact of the
extrusion process on the microstructure and micromechanical properties of the filaments

requires investigation.

Nanoindentation is a method that uses a diamond-tipped probe with known mechanical
properties to determine the local mechanical properties of the probed area within the
microstructure. Statistical grid nanoindentation, whereby a representative collection of indents to
characterize micromechanical phases is collected, has been relatively widely used to investigate
the micromechanical properties of cementitious materials, but there have been few
micromechanical investigations of 3D printed cementitious materials, and they have focused on
inter-filament interfacial characteristics rather than the effect of the printing process on bulk
filament properties or been very limited in scope [74, 105]. These studies have demonstrated a
strong relationship between ink workability, printing parameters, and the micromechanical
properties of interfilament interfacial regions, with poor interlayer bonding corresponding to
significant reduction in micromechanical properties [74] and investigated the role of

microstructural randomness as a computational modeling parameter [105].

2.5. Reinforcement Strategies and Short Fiber Reinforcement

One practical limitation of 3D printing cementitious materials is that it is largely incompatible
with traditional reinforcement strategies. Specifically, because the paste is not poured into a

formwork structure in which rebar may be prearranged, it is not possible to provide tensile
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reinforcement in this way. Because cementitious materials are broadly characterized as being
strong in compression but weak in tension, some form of tensile reinforcement is necessary for
3D printed cementitious materials to be industrially viable [61, 106, 107]. Several novel
reinforcement solutions have been proposed by various authors, including printing over
simultaneously placed steel cables [108-111], printing with designed voids which rebar can be
added to after hardening [112], placing wire mesh between [113] or across [114] printed layers,
and printing steel reinforcement simultaneously with printed concrete [115].

The most common approach has been the addition of short fibers to the cement ink during initial
mixing. Short fiber reinforcements are easy to incorporate and have been shown to significantly
increase the strength and ductility of 3D printed cementitious materials and to be effective at
mitigating shrinkage [10-24]. Fibers have been considered as a reinforcement strategy for 3D
printed cementitious materials since as early as 2011, although that study does not include details
about fibers used or their effects [112]. A variety of fiber types have been investigated in 3D

printing, including glass, basalt, carbon, and a wide variety of polymers.

Fibers have been reported to align in the direction of printing, thereby significantly contributing
to the mechanical anisotropy of printed structures [18, 24, 106]. This is particularly true when the
fibers are longer than the diameter of the nozzle through which they are extruded. While the
degree of fiber alignment is likely to be reduced as the printing nozzle is scaled up, some degree
of alignment can be expected due to shearing in the flow profile of the ink [18]. This control of
fiber alignment provides the opportunity to tune the material properties for its intended use,
utilizing mechanical anisotropy to the benefit of the design application. Fiber alignment is
generally thought to be most beneficial to mechanical properties when flexure load is applied
perpendicularly to the direction of orientation (or parallel for tension) [20, 24]. This effect has
led to higher flexure strength being reported for some 3D printed fiber reinforced cementitious
materials compared to the same mixture when cast [17, 18]. Such materials have also been
demonstrated to have post-yield strain-softening behavior, as well as improved ductility from
improved deflection capacity and fracture energy [14, 17]. Consequently, the degree of strength
improvement was found to be influenced not only by the type of fiber used, but also by the print
pattern utilized (and therefore the fiber alignment relative to the loading direction), with the

greatest improvement in flexure strength being conferred when load is applied perpendicular to
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filament alignment [13, 24]. However, fiber alignment can also have detrimental effects on
printed structures in some cases, as it can promote failure through fiber pull-out, which is the
dominant fiber failure mechanism rather than fiber yielding in some systems [14, 17, 20, 21,
116].

In some cases, fiber reinforcement has been found to correspond to weaker interlayer bonding,
with higher fiber loading corresponding to a larger interlayer bond strength reduction. It was
hypothesized that the reduction in interlayer bond strength was due to an increase in stiffness of
the fresh paste, reducing the effectiveness of interlayer bonding [14, 117], as fibers have been
shown to affect paste rheology [118, 119].

While the mechanical behavior of short fiber reinforced 3D printed cement-based materials have
been shown to be influenced by the printing process and fiber alignment along the print direction
[10, 13, 24, 120], there is limited information on the effect of the fibers during the extrusion
process and the resulting microstructure of the printed material. Yet, understanding the
influence of the fibers on the filament formation is important for tailoring the properties of 3D
printed cement-based materials. In addition, 3D printing of cement-based materials with
carbon nano and microfibers has received little attention, despite the demonstrated benefits
of carbon fibers in traditional cast concrete, including strength improvements and smart property
capabilities [35-41].

2.6. Nanoclay Incorporation in Cement-based Materials

Nanoclays have been identified one class of materials, which can be used to improve the
performance of cement inks in the fresh state, and can be used to improve mechanical properties
in hardened state [25-30, 32, 33]. In the fresh state, nanoclays have been shown to improve
printability by increasing thixotropic behavior [32-34]. When exposed to shear stresses,
thixotropic particles are dispersed in the paste water in a colloidal suspension. After shearing
ceases, particles rapidly flocculate out of suspension, causing structural build-up [121]. The
resulting time dependency for rheological behavior allows the cement ink to be workable during
filament formation and extrusion, while also having a higher static viscosity once it has been
placed for better buildability. Nanoclays also benefit the stability of cement inks through their

hydrophilicity, which helps to hold the paste together under pressure and reduce segregation
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[32]. This stability-enhancement is of particular interest as a means to allow the inclusion of
otherwise beneficial materials which may negatively impact paste cohesion, particularly
hydrophobic short fibers such as carbon nanofibers. In the hardened state, nanoclays have been
shown to be beneficial to mechanical performance of cementitious materials through pozzolanic
activity by reacting with calcium hydroxide to form calcium silicate hydrate gel, the main
structural component of cementitious materials, and by providing a filling effect that densifies
pore structures [32, 44, 122, 123].

Halloysite nanoclay (HNC) is a type of nanoclay that is of particular interest. In addition to
having demonstrated similar benefits on cementitious materials as other nanoclays in the fresh
[45] and hardened states [44], HNC has a high aspect ratio, needle-like structure, which may
provide additional benefit by bridging microcracks and providing a degree of internal
reinforcement [42, 43], which may be enhanced by preferential alignment of HNC particles
during 3D printing. HNC particles are typically 30-70 nm in diameter and 1-3 um in length and

are composed of multi-walled tubes, with a siloxane outer layer and aluminol inner layer [124].

As nanoclays become more popular as a printability aid, a better understanding the
relationship between the printing process, nanoclay addition, and hardened properties is
required. To date, no studies have focused on the effect of nanoclay addition on the
hardened properties of extruded filaments, or how nanoclay addition interacts with

extrusion pressure to impact the microstructure.

2.7. Thermal Performance of Buildings and 3D Printed Cement-based Materials

Global demand for new buildings continues to rise, with the total number of buildings on Earth
expected to double by 2060 [125] and environmental heating and cooling projected to account
for 49% of the total growth in energy demand by 2050 [126]. With the energy performance of
buildings being one of the primary determining factors for this increase in energy demand,
developing new materials and technology to improve thermal building envelope performance has
been identified as being of particular importance [126]. Consequently, global investment in
improving building energy efficiency has grown rapidly in recent years, from $129 billion in
2015 to $180 billion in 2020, and continues to accelerate [127].
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Much of the recent research on improving the thermal performance of building envelopes has
been on developing new cementitious materials with improved thermal characteristics. In
particular, development has focused on modifying cement microstructure by altering the pore
structure or by including materials that can absorb changes in thermal conditions (phase change
materials). Pore structure optimization has been researched extensively to develop cement-based
materials with improved thermal characteristics [128-131], with many techniques and material
inclusions having been evaluated for impact on pore structure and thermal performance,
including air-entraining additives [132-134], lightweight and porous aggregates [133, 135-142],
and chemically active additives such as bentonite nanoclay [143], silica fume [144, 145], or fly
ash [144, 146, 147]. Phase change materials, which utilize the enthalpy of fusion of materials
with freezing/melting points in relevant ranges for climate control to buffer against cyclical
temperature changes and reduce thermal load, have also been studied extensively as a method to
improve the thermal performance of building materials. Commonly studied phase change
materials, which are often microencapsulated to minimize chemical interaction with the
surrounding material include organics such as paraffin wax and inorganics such as salt hydrates.
Such materials must have favorable thermal characteristics and be compatible with the
rheological and structural requirements of the material in which they are incorporated, though

they generally result in a reduction in mechanical performance [148-151].

3D printing has also been identified as a technology for improving the thermal performance of
building envelopes by utilizing specially designed internal architecture and void spaces within
building envelopes to introduce thermal anisotropy which can induce directional heat-flow and
help to improve thermal control [83-85, 152-158]. By selectively placing cement ‘ink’ filaments
only where designated to build structures up layer-by-layer, 3D printing can be utilized to tune
material placement, such that structural and thermal considerations can be accounted for in
material selection and structural design. While much of the research focus for 3D printing with
cement-based materials has been on ensuring appropriate rheology for printability and hardened
mechanical properties, thermal performance has recently garnered increased attention as a design
consideration, utilizing several strategies including tuning internal architecture, phase-change
materials, foaming concrete, and polymer-foam injected into void spaces to improve thermal
conductivity and thermal storage capacity [25, 83, 84, 94, 158-165]. However, while there have

been several studies, which have used computational modeling to investigate the
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relationship between internal architecture and thermal performance in 3D printed cement-
based materials [152-158], there has been little experimental investigation [83-85]. The
ability of 3D printing to create hierarchical structures may also create new opportunities for
improving thermal performance, with the composition, architecture, and properties of the
material changing within the structure to account for the structural and thermal requirements of
specific locations [7, 158]. In this way, thermal anisotropy can be leveraged to improve building

thermal performance.

Additionally, while nanoclays have become popular in cement inks as a printability aid,
comparatively little attention has been paid to the effect of nanoclay inclusion on the thermal
properties of cementitious materials or on its effect at higher temperatures that are relevant for
building envelopes [143, 166-168]. To the knowledge of the author, no published studies have
investigated nanoclay thermal performance in 3D printed structures. Still, because they
impact pore structure, they can be expected to affect thermal properties. Halloysite nanoclay
(HNC) is of particular interest due to reported reduction in thermal conductivity of cementitious
materials in some cases [167, 168], as well as its high aspect ratio and needle-like structure. The
potential for preferential alignment of HNC’s needle-like structure during printing may also
increase thermal anisotropy.

2.8. Conclusions

A synopsis of the previous literature relating to the research detailed in this dissertation was
provided. The following conclusions could be drawn:

e Given the tendency for extruded filaments to form a lubrication layer, a better
understanding of the complex relationships between extrusion, shear-induced
segregation, and hardened microstructure and mechanical properties is needed.

e The 3D printing process has been shown to introduce significant anisotropy to the
mechanical properties of 3D printed structures, which must be accounted for in structural
design, but can also be leveraged for hierarchical design. However, further investigation
is required on the impact of 3D printing on bulk filament microstructure.

e Because 3D printing does not allow for traditional reinforcement and because of

demonstrated benefits of carbon fibers as reinforcement in cast cementitious materials,
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further research is needed into the fiber reinforcing abilities of carbon nano and
microfibers and their influence on the extrusion process and the resulting hardened
microstructure and macroscale properties.

Nanoclays have been identified as thixotropy-improving additives in cement inks and
have been shown to improve hardened properties in non-printing applications, but the
effect of the relationship between nanoclays and the printing process on hardened
properties has not been investigated.

As thermal performance of building envelopes becomes increasingly important, the effect
of internal architecture and ink composition on the thermal performance of printed

structures requires additional experimental investigation.
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CHAPTER 3

NANOMECHANICAL CHARACTERIZATION OF 3D
PRINTED CEMENT PASTES

The results of this chapter are being incorporated into the following manuscript:

Kosson M., Brown L., and Sanchez F. Nanomechanical Characterization of 3D Printed Cement
Pastes. Submitted June 2022.

3.1. Overview

In this study, statistical grid nanoindentation paired with environmental scanning electron
microscopy (ESEM) and energy dispersive X-ray spectroscopy (EDS) was utilized to examine
the micromechanical properties (modulus and hardness) and microstructure of filaments in 3D
printed cement paste structures. Cast specimens created using the same cement ink formulation
and a formulation with a higher water-to-cement (w/c) ratio were also tested as references for
comparison. The effect of the extrusion process on the distribution of the C—S—H phases is also
reported. Results showed that the extrusion through a small-diameter nozzle affected the
mesoscale agglomeration process of the primary hydrate phases and that the local packing

arrangement was the dominant factor in the micromechanical response of the printed filaments.

3.2. Materials and Methods

3.2.1. Materials

For the cement ink, Type I/11 portland cement (LafargeHolcim, USA) was the binding agent.
MasterGlenium 7700 (BASF, USA), a high-range water reducing admixture, was used to lower
viscosity and increase workability to allow the cement ink to be extruded freely. MasterMatrix
VMA 362 (BASF, USA), a viscosity-modifying admixture and MasterMatrix UW 450 (BASF,
USA), a liquid cellulose-based anti-washout admixture, were used to increase paste stability and

resistance to segregation during extrusion.
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3.2.2. Cement paste preparation
3.2.2.1. Cement ink design

A cement ink with a 100 g cement basis was used with 30 g of water, 0.35 g of Glenium 7700,
0.9 g of VMA 362, and 1.0 g of UW 450. These admixture dosages provided adequate
segregation prevention to ensure paste cohesiveness printability based on preliminary testing and
were within the manufacturer’s recommended dosages for cementitious materials [169-171]. An
otherwise identical cement ink with a water-to-cement (w/c) ratio of 0.5 was also used to prepare
cast specimens as a comparison to illustrate the effect of a high w/c ratio on the material
micromechanical properties. This cement ink design, however, would not be expected to be
printable, having insufficient buildability.

The water and admixtures were sonicated using a 500 W probe sonicator (Fisher Scientific
Model 505 Sonic Dismembrator, Hampton, NH, USA) operating at 50% power amplitude for 20
seconds to ensure homogenous mixing. The cement ink was mixed using a stainless-steel paddle
bit in a mounted brushed DC motor attached to a DC power supply to control the rotation speed.
The homogenized water-admixture combination was added to the cement powder and mixed
using a stainless-steel paddle bit in a mounted corded drill attached to a DC power supply. The
cement ink was mixed for 3 minutes: 1 minute ramping rotation speed up from 200 RPM to 1000
RPM, and 2 minutes at 1000 RPM.

3.2.2.2. Preparation of 3D printed and cast cement pastes

Three 3D printed structures were created using a Hydra 430 gantry model 3D printer with an
EMO-XT modular 3D print head (Hyrel 3D, Norcross, GA, USA; Figure 3-1a and b). A
cylinder-shaped .STL file with a height and diameter of 2.49 cm was sliced with a 100%
rectilinear infill and no perimeter layers, such that all filaments within a given layer were aligned
and orthogonal from the previous layer (Figure 3-1c). Each layer was 1 mm high. The mixed
cement ink was loaded into the printing head in multiple stages, with tamping being done with a
1.6 mm diameter stainless-steel rod after each stage to mitigate air bubbles. Structures were
printed by extruding the cement ink through a half-inch long 14 gauge (inner-diameter 1.6 mm)
needle onto a glass substrate. A 25-layer high cylindrical with a ca. 2.5 cm diameter and 2.5 cm

height was yielded (Figure 3-1Db).
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Cast specimens (Figure 3-1d) were similarly poured into cylindrical molds with a diameter of 2.5
cm and a height of ca. 2.5 cm in multiple stages, with tamping occurring after each stage to
mitigate air bubbles. Specimens were cast with two different water cement ratios — 0.3 to mimic
the cement ink used for 3D printing and 0.5 to understand the influence of a higher w/c ratio on

the material’s micromechanical properties.

All specimens were then allowed to cure for a total of 28 days in a curing chamber at 100%
relative humidity and room temperature before they were prepared for characterization. Cast

specimens were demolded after 24 hours to have exposure conditions closer to that of the 3D

printed structures.
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Figure 3-1. (a) Hydra 430 gantry model 3D printer used for printing cement pastes with the
modular EMO-XT print head assembly which is mounted inside, (b) a 3D printed cement paste
structure with a rectilinear pattern, (c) a diagram of the toolpath used (toolpath 1 and toolpath 2

are orthogonal from each other), and (d) a cast cement paste specimen.
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3.2.3. Characterization
3.2.3.1. Sample preparation

The 3D printed structures were cut using a slow-speed diamond saw along the build direction
such that the layers alternated between being orthogonal and parallel to the cut face (Figure
3-2a). Cast specimens were cut in a similar manner so that the exposed face was orthogonal to
the bottom of the sample. Samples were then epoxy mounted and polished in four steps, first
with 320 grit and 600 grit silicon carbide papers, then with 6 um and 1 um diamond pastes on a
polishing cloth, with ethanol used as a lubricant. Samples were sonicated in ethanol using an
FS110D Ultrasonic Cleaner (Fisher Scientific, USA) for five minutes at room temperature
between each polishing step to remove polishing residual and prevent cross-contamination of
abrasive particles. Polishing with the 1 um diamond paste continued until the surface was visibly
reflective. Surface roughness was measured using the scanning probe microscopy (SPM)
capabilities of a Hysitron T1 980 Tribolndenter (Bruker, USA) with a diamond Berkovich tip.
SPM images were collected over a 50 um x 50 pm area, at a setpoint of 2.0 uN. Three roughness
measurements were taken near the chosen grid indentation sites, and polishing was considered
adequate if the average of the three root-mean-square roughnesses was less than 50 nm.
Polishing with the 1 um diamond paste continued until the roughness condition was met. Surface
roughness less than 50 nm has been shown in the literature to be appropriate for nanoindentation

on cementitious materials [172].

3.2.3.2. Grid nanoindentation and statistical analysis

Nanoindentation was performed using a Hysitron T1 980 Tribolndenter with a diamond
Berkovich tip. Tip area function calibrations were performed using an area function defined from
100 indents on fused quartz, a material with known physical characteristics. Grids of 10 x 100
indents were collected in regions of interest, with a new area function being collected before
each grid. A 10 um spacing was utilized between indents in both the X and Y direction to avoid
interference between indentation sites. At each indent location, a trapezoidal load function with a
10 second loading period, a 15 second hold period, and a 10 second unloading period was
performed with a maximum load of 2 mN. Fiducial indents were placed at a known distance
along the top and bottom edges of each grid using a similar loading function, but with a

maximum force of 100 mN, to assist in locating the grid for ESEM/EDS analysis (Figure 3-2Db).
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Grids were collected at least 2 mm from any sample edge. Grid locations were verified to be
placed within filaments rather than across interfilament interfaces using large-area backscattered
electron (BSE) ESEM maps. Grid locations were also examined using the TT 980°’s optical
camera to ensure that there were no large voids or significant cracking. Grids were placed near
the bottom, middle, and top of the 3D printed structures corresponding to early, intermediate, and

late print regions, respectively (Figure 3-2a).

All indentation curves were evaluated visually (Figure 3-2c and d), with abnormal curves (Figure
3-2d) that indicated sample cracking, improper contact between the sample and the tip, or tip
slippage at the boundary between two distinct mechanical phases being removed from further
analysis. Approximately 15-25% of curves were typically rejected. At each indentation point, the
unloading portion of the load vs. displacement curve was analyzed using the Oliver and Pharr
Method [173-175] to determine the local hardness and indentation modulus, with the Poisson’s
ratio of the specimen assumed to be 0.3 [176-178], Poisson’s ratio of the diamond indenter probe

known to be 0.07, and the modulus of the diamond indenter probe known to be 1140 GPa.
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Figure 3-2. (a) Polished 3D printed cement paste, with indentation grid locations denoted, (b) a
BSE image of a portion of a grid location, with fiducial markers highlighted, (c) a typical load-

displacement curve, (d) a load-displacement curve removed from analysis due to evidence of
sample cracking.

The indentation modulus and hardness nanoindentation datasets were initially plotted as
normalized histograms to visualize the mechanical property distributions (Figure 3-3a) and
generate the experimental probability density functions (PDFs). The datasets were then
segmented into mechanically distinct phases by fitting n Gaussian distributions to the
experimental PDFs using a MATLAB-based multimodal Gaussian fitting algorithm, which
coupled an expectation maximization technique with a looping algorithm to allow for multiple
trials (Figure 3-3b). The number of characteristic peaks in the experimental PDFs was used to
initially set the starting number of Gaussian distributions, n. Bin sizes of 1 GPa and 0.1 GPa
were used, respectively, for all the Gaussian indentation modulus and hardness fits. These bin
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sizes have shown to be appropriate for cement pastes [179-181]. The overall best theoretical PDF
for each dataset was selected based on comparison to the respective experimental PDF via the
Kullback-Liebler (KL) divergence as well as visual inspection of the agreement between the
experimental PDF and theoretical PDF (i.e. appropriate shape and location of the fitted Gaussian
distributions). Fits and bin size selection were also verified by determining the coefficient of
determination (R?) value for linear regression between the theoretical and experimental

cumulative density functions (CDFs) (Figure 3-3c). R? values were typically .997 or greater.
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Figure 3-3. (a) Experimental PDF with normalized histogram of raw data for a 3D printed
filament, (b) Gaussian deconvoluted distributions with the experimental and theoretical PDFs,

and (c) comparison of the experimental cumulative density function (CDF) and theoretical CDF.

3.2.3.3. ESEM and EDS

An FEI Quanta FEG 650 environmental scanning electron microscope (ESEM) (FEI Company,
USA) equipped with a Schottky field emission gun and an Oxford Ultim Max 170 energy
dispersive X-ray spectrometer (EDS) was used to collect SEM backscattered electron (BSE)
images and EDS spectra from the polished samples. An accelerating voltage of 15.0 keV, a spot
size of 3.5, a chamber pressure of 130 Pa, and a working distance of 10.5 mm were used. Large-

area BSE and EDS maps were collected using a 450x single field of view magnification and an
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Oxford software stitching algorithm in order to characterize the chemical elements at each indent
location. The EDS maps were averaged over 100 frames using a resolution of 1024, a process

time of 5, and a pixel dwell time of 30 ps.

Given that the nanoindentation indents were difficult to visibly identify in the BSE maps, indent
locations were approximated by using the location of the highly-visible fiducial indents and the
known distance between the fiducial indents and the nanoindentation grid. For both the
nanoindentation indents and the fiducial indents, the X and Y coordinates recorded by the T1 980
software were assumed to indicate the center point of the indent. Spatial correlation between
microstructural features and micromechanical properties was observed by overlaying indent
markers on their corresponding location on the BSE maps and color-coding them based on to
which peak they were most likely to belong. Chemical composition at each indent was
determined by averaging the EDS chemical composition for a 5x5 pixel square around the center
pixel for the calculated indent location, removing pixels determined to be associated with

porosity from ImagelJ thresholding analysis.

Using the framework defined in [182], all indents identified as being associated with hydrated
phases were categorized according to their silicon-to-calcium (Si/Ca) ratio and aluminum-to-
calcium (Al/Ca) ratio into five categories: calcium silicate hydrate (C—S—H), mostly C-S—H,
mostly calcium hydroxide (CH), CH, and aluminum (Al) Rich. Indents with Si/Ca ratio greater
than or equal to 0.4 and Al/Ca ratio less than or equal to 0.16 were classified as C—S—H. Indents
with Si/Ca and Al/Ca ratios less than or equal to 0.1 were classified as CH. If the Si/Ca ratio was
between 0.1 and 0.4 and the Al/Ca ratio was less than or equal to values interpolated between the
CH and C-S—H values, the indent was considered to be a mixture of CH and C-S—H. Such
indents with a Si/Ca ratio greater than or equal to 0.25 were considered to be mostly C-S-H, and
the others were classified as mostly CH. All other indents were considered to be Al Rich. Based
on these classifications, the proportion of indents and median modulus and hardness values for
each category was determined for each indentation grid. PDFs of the modulus and hardness
values for C—S—H classified indents were created to analyze the effect of the printing process on

the mechanical properties of C-S—H.
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3.3. Results and Discussion

3.3.1. Influence of the printing process on local indentation modulus and hardness

The sensitivity of the cement ink to the extrusion-based printing process was evidenced by
variation in the median indentation moduli between different locations on the same printed
structure. In general, lower modulus values were measured towards the bottom and top of the
printed structures though no clear correlation in relation to the filament placement during the
print progression from bottom to top (i.e., early versus late placement) could be established. All
printed structures displayed printed filaments that exhibited median indentation moduli greater
than 23 GPa and printed filaments with median indentation moduli less than 20 GPa. The printed
filaments with the higher (or lower) median modulus values generally presented also higher (or
lower) hardness values though the trend was less pronounced for hardness. The majority of the
indents of the higher mechanical property (HMP) filaments had indentation modulus values in
the 20-30 GPa range and hardness values in the 1-2 GPa range, while more than 50% of the
indents of the lower mechanical property (LMP) filaments had indentation modulus values that
were in the 10-20 GPa range and hardness values less than 1 GPa. The ranges of median
indentation modulus and hardness values found for the HMP filaments and LMP filaments of the
3D printed structures and for the reference cast cement pastes are provided in Table 3-1. When
compared to the cast cement pastes, the HMP filaments exhibited a similar distribution of
modulus and hardness values to that of the cast cement pastes with a wi/c ratio of 0.3 (reference
cast cement paste) (Figure 3-4a and b). In contrast, the LMP filaments had a distribution of
indentation modulus values that was shifted to lower modulus values compared to the HMP
filaments and the reference cast cement paste. The distribution of modulus values of the LMP
filaments more closely mirrored that of the cast cement paste with the higher w/c ratio of 0.5,
with a similar quantity of indents in the 10-20 GPa range, suggesting a dynamic change in the
local w/c ratio during the printing process (Figure 3-4). A similar trend was seen for the hardness
but it was less marked (Figure 3-4). Under extrusion pressure, the bulk cement ink inside the 3D
print head was prone to filtration/segregation, resulting in water redistribution and the formation
of a watery lubrication layer at the filament-extruder interface, thus causing a dynamically
changing w/c ratio of the extruded filaments as the extrusion progressed. Extrusion-induced
segregation and drainage have been previously reported in the literature [3, 88, 183]. The
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changes in the local w/c ratio of the printed filaments were further attributed to the complex
balance between the cement ink sensitivity to drainage and liquid phase filtration during
extrusion, the effect of load of subsequent layers on the development of a water film between
printed layers of the extruded filaments, and evaporation of the mixing capillary water upon
extrusion. The decrease in modulus with an increase in w/c ratio was consistent with the
commonly reported effect in the literature of the wi/c ratio being inversely related to the cement
paste strength [184-186].

Table 3-1. Ranges of median indentation modulus and hardness values for the high and low
mechanical property filaments and reference cast cement pastes.

Median modulus Median hardness
ranges (GPa) ranges (GPa)
HMP filaments? 23.1-27.9 1.0-1.2
LMP filaments® 13.7-18.8 0.9-1.1
Cast — w/c=0.3° 26.7-27.8 0.9-1.1

2 Ranges based on 6 HMP filaments obtained across 3 printed structures.
b Ranges based on 3 LMP filaments obtained across 3 printed structures.

¢ Ranges based on 3 cast replicates.
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Figure 3-4. Histograms of indentation modulus and hardness distributions of (a), (b) a
representative high mechanical property filament (HMP filament) compared to distributions of
the reference cast cement paste and (c), (d) a representative low mechanical property filament

(LMP filament) compared to distributions of the cast cement paste with a wi/c ratio of 0.5.

3.3.2. Mechanically distinct phases from nanoindentation

Segmentation by Gaussian fitting of the nanoindentation data yielded four (4) mechanically
distinct phases for the 3D printed filaments and the reference cast cement paste and three (3)
mechanically distinct phases for the cast cement paste with the higher w/c ratio of 0.5 (Figure
3-5 and Figure 3-6). The ranges of mean modulus and hardness values of the peaks found for the
printed filaments and the reference cast cement paste are provided in Tables A-1 and A-2. For all
cases, the majority of indents (more than 55%) were associated with the first mechanically
distinct phase (Peak 1), while typically no more than 20% of indents were associated with Peak 2
and the remainder with Peak 3 and/or Peak 4. For clarity, the remaining analysis focuses the
presentation of the results and discussion on one representative printed filament of each high and

low mechanical properties and cast cement paste specimen of each w/c ratio. All deconvolution

27



parameters for the representative filaments and cast specimens can be found in Tables A-3 and
A-4.

The frequency distribution of the indentation modulus of the representative HMP filament
overall mirrored that of the reference cast cement paste, while that of the representative LMP
filament exhibited a smaller peak separation, a narrower spread of the distribution, and a greater
frequency of Peak 1 modulus values. For the HMP filament, the Peak 1 modulus (E) and
hardness (H) values were centered around 25 GPa and 1.1 GPa and spanned 14 — 36 GPa and 0.4
— 2.6 GPa, respectively, similar to the Peak 1 values of the reference cast cement paste. For the
LMP filament, the Peak 1 modulus values were lower (E = 10 — 25 GPa) and more comparable
to those of the cast cement paste with the higher w/c ratio of 0.5. Contrary to the indentation
modulus, the decrease in Peak 1 hardness values seen for the cast cement pastes as the w/c ratio
increased from 0.3 to 0.5 was not seen for the printed filaments. These results importantly
indicated that the 3D printing process affected the stiffness (modulus) of the mechanically
distinct phase associated with Peak 1 but not its resistance to local plastic deformation
(hardness). Furthermore, the mean modulus values of Peak 1 were similar to the respective
median modulus values of the printed filaments, suggesting that the mechanically distinct phase
associated with Peak 1 likely controlled the overall mechanical response of the extruded

filaments.

Remarkably, the shape of the frequency distribution of Peak 1 of the printed filaments and cast
cement pastes was unimodal, and, from purely mechanical evidence and previous literature [180,
181, 187-192], the phases associated with Peak 1 seem to resemble chemical phases
corresponding primarily to low density hydration products. The addition of viscosity modifying
admixtures (VMA) to cement pastes has been shown to have a significant impact on the
hydration process of Portland cement and to change the shape of the modulus frequency
distribution of the main hydrated phases from bimodal frequency distributions that are
characteristic of two distinct types of the main hydrate phase calcium-silicate-hydrate (C—S—H),
to having a single, larger peak associated with a much greater proportion of hydrated products
[193, 194]. This observation shows that the presence of VMA and anti-washout admixtures that
are necessary to obtain a printable cement ink can impact the distribution and micromechanical

properties of the hydrated phases.
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Peak 2 modulus values displayed a larger spread and corresponded to a much lower fraction of
indents compared to Peak 1. The range of Peak 2 modulus values had a similar direction shift in
modulus between the HMP filament and LMP filament as Peak 1 (i.e., decrease for the LMP
filament). The HMP filament showed similar average modulus values for Peak 2 as the reference
cast cement paste (E = 36.7 £ 7.6 GPa and E = 38.5 £ 8.8 GPa, respectively), while the LMP
filament showed a much lower average value (E = 26.3 £ 5.9 GPa). The Peak 2 modulus values
for the LMP filament were similar to what was seen for Peak 2 in the cast cement paste with the
higher wi/c ratio of 0.5 (E = 26.3 £ 5.9 GPa and E = 26.3 + 9.0 GPa, respectively), further
suggesting that the dynamic changes in local w/c ratio during the printing process contributed to
shifts in local modulus properties of the printed filaments. However, similarly to Peak 1, there
was no difference in the Peak 2 hardness values between the printed filaments and the reference

cast cement paste.

The effect of the extrusion-based printing process was further seen from the mechanically
distinct phases associated with Peaks 3 and 4. Peaks 3 and 4 of the printed filaments tended to
show more dramatic shifts when compared to Peaks 3 and 4 of the reference cast cement paste or
the cast cement paste with a w/c ratio of 0.5, suggesting a likely effect of the extrusion-based
process on unhydrated particle dissolution and phase assemblage. Furthermore, Peak 4 (seen in
the HMP filament and LMP filament as well as the reference cast cement paste) corresponded to
a range of high-modulus indents (100 — 114 GPa for the HMP filament, 58 — 66 GPa for the
LMP filament, and 101 — 109 GPa for the reference cast cement paste) that was not present in the
cast cement paste with a w/c ratio of 0.5. Contrary to Peak 1, the shifts in indentation modulus of
Peaks 3 and 4 for the printed filaments were matched by shifts in hardness. These results
indicated that the 3D printing process affected both the stiffness and the resistance to local
plastic deformation of the mechanically distinct phases associated with Peaks 3 and 4. Overall,
the LMP filament exhibited a lower frequency of indents associated with Peaks 3 and 4 (14.8%)
compared to the HMP filament (18.6%), indicating a more advanced cement hydration stage for
the LMP filament. These results were consistent with changes in local water availability during
the extrusion-based printing process, which was thought to affect the local w/c ratio during the

hydration process.
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Figure 3-5. Gaussian deconvolution for indentation modulus of representative 3D printed
filaments and cast cement paste specimens. (a) High mechanical property filament (HMP

filament), (b) reference cast cement paste, (c) low mechanical property filament (LMP filament),
and (d) cast cement paste with a w/c ratio of 0.5.
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Figure 3-6. Gaussian deconvolution for indentation hardness of representative 3D printed
filaments and cast cement paste specimens. (a) High mechanical property filament (HMP
filament), (b) reference cast cement paste with a w/c ratio of 0.3, (c) low mechanical property

filament (LMP filament), and (d) cast cement paste with a wi/c ratio of 0.5.

3.3.3. Correlation of mechanical information with spatial morphology and chemical information
3.3.3.1. Mechanically distinct phases and microstructural features

Overall, a good correspondence between micromechanical properties and microstructural
features was confirmed via color-coding of indent locations overlaid on large-area backscattered
electrons (BSE) maps of grid areas (Figure 3-7). Indents associated with Peak 1 (green markers
in Figure 3-7) were nearly all located within the hydrated portion of the microstructure (dark
grey features). Indents associated with Peak 2 (blue markers) were primarily in hydrated areas
that can be expected to have higher mechanical properties (i.e., crystalline hydrates, intermixed
solids, hydrates on or near the boundaries of unhydrated cement particles, or within unusual
features indicative of less common hydration products). Indents associated with Peaks 3 and 4
(yellow and magenta markers, respectively) were found to be located within the brightest phases
of the BSE images, which are typically associated with unhydrated cement particles in cement
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paste microstructure. Indents associated with Peak 3 (lower average indentation modulus and
higher standard deviation compared to Peak 4) were generally found near the edge of the
brightest phases or within areas of the brightest phases that showed similarity with the local
morphology surrounding that phase. Indents associated with Peak 4 (higher average indentation
modulus and lower standard deviation compared to Peak 3) were typically located within the
core of the brightest phases and away from their edges and or within edge areas that showed
morphological differences with the local morphology surrounding that phase. Based on this
spatial correlation of indent location with morphology observations from ESEM and known
chemical phases from the literature for cementitious materials [176, 180, 181, 187-192, 195-
207], the mechanically distinct phases identified from Gaussian deconvolution of the
nanoindentation data could be associated with the following general chemical phases: Peak 1 —
main cement hydration products [i.e., C—S—H, mixtures of C—S—H and calcium hydroxide (CH),
CH, and hydrated calcium sulfoaluminate phases (e.g., ettringite)]; Peak 2 — high stiffness

hydration products and hydration products on or near boundaries of unhydrated cement particles;

and, Peaks 3 and 4 — unhydrated cement particles.

Green: Peak 1 (Hydrates)
Blue: Peak 2 (Assorted Intermediates)

Magenta: Peak 4 (Unhydrated Particles)
Red: Invalid Indents

Figure 3-7. Example of a large-area backscattered electron (BSE) map with color-coded markers

overlaid on indent locations.
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3.3.3.2. Coupling nanoindentation and chemical information from ESEM/EDS

The effect of extrusion during printing on hydrate phase assemblage was revealed by segmenting
the EDS data as a function of elemental ratios such that the chemical signature of the 3D printed
and cast indents could be compared (Figure 3-8 and Table 3-2). For this analysis, indents
associated with Peak 1 and those associated with Peak 2 identified as being in the hydrated
portion of the microstructure were considered. The coupling of nanoindentation and chemical
information showed that the local indentation response was predominantly the result of a multi-
phase response rather than that of pure phases. A majority of the hydrate indents of the 3D
printed filaments and cast cement pastes (more than 70%) exhibited a chemical composition that
corresponded to mixtures of C—S—H and CH (mostly C—S—H or mostly CH), indicating a
probable formation of microcomposites of CH and C—S—H of varying microstructural

arrangements.

Notably, the ranges of indentation modulus values of the hydrate phases did not show, overall,
major differences between each morphological category (Table 3-3) and were in particular
anomalously lower for CH than reported in the literature (M = 36-49 GPa for pure CH as
reported from nanoindentation [190, 195, 208-210]). Similarly, the indentation modulus of the
C-S—H/CH mixtures did not appear to be enhanced by CH when compared to pure C-S—H.
These results suggested an effect of the pore structure and microstructural arrangement of the
phases on the mechanical properties of the hydrate phases. It also suggested that the adsorption
of the printability admixtures on the surface of the hydrate phases had an effect on their
mechanical response. The use of VMA has been reported to cause anomalous dispersion of
hydration products and CH to grow preferentially in void walls [193, 211, 212]. The low
modulus values found for indents identified as CH in the printed filaments and cast cement
pastes were thought to be the result of growth of CH in less confined space and nanoindentation
on porous assemblages of CH rather than on large CH crystals, thus reflecting the pore structure
effect. Representative porous assemblages of CH can be seen in Figure 3-9 for the 3D printed
filaments and the reference cast cement paste along with a significant number of indent failures
due to the presence of porosity and edge effects. The effect of porosity on CH assemblages and

C—S—H/CH mixtures on the modulus has been reported in [213] and showed a significant
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decrease in modulus value with an increase in porosity. It has also been reported in the literature
that the presence of pores highly influences the response obtained from nanoindentation tests
[214]. The nanoindentation results reflected the mechanical properties of porous mixed phases
(i.e., CH mix and C-S—H/CH mixtures) and the presence of porosity.

Furthermore, the 3D printed filaments had an overall greater percentage of C—S—H/CH indents
compared to both cast cement pastes (81-83% vs. 76-78%, respectively). It was believed that the
greater formation of C-S—H/CH mixtures in the 3D printed filaments did not result from the
dynamic change in the local w/c ratio alone but rather was favored by an effect of the extrusion
shear forces (developed during the progressive forcing of the cement ink through the extrusion
nozzle) on the dissolution of the unhydrated cement particles. The effect of the extrusion process
on hydrated phase formation was further seen from the proportion of indents of Peak 1 having an
elemental composition corresponding to Aluminum (Al)-rich phases, with a lower percentage for
the 3D printed filaments compared to the cast cement pastes. The effect was more pronounced
for the HMP filament, which was thought to have a lower local w/c ratio, with only 5.4% Al-rich
indents compared to 12.4% for the reference cast cement paste and 9.9% for the cast cement
paste with a w/c ratio of 0.5 (Table 3-2). The extrusion shear forces were thought to selectively
drive an increased dissolution of the regions of unhydrated particles that were rich in calcium
(Ca) and silicon (Si) and poor in Al, thus resulting in less Al being present in the hydrated
microstructure and reducing the proportion of indents associated with Al-rich phases compared
to the cast cement pastes. The effect of the extrusion process on phase assemblage was also
noticeable from the fractions of indents identified as pure C—S—H relative to the fractions of
indents identified as pure CH (Table 3-2). For the 3D printed filaments, the proportion of pure
C-S—H and pure CH were found to be similar while the cast cement pastes showed different
proportions consistent with the wic ratio (i.e., the lower the wi/c ratio, the higher content of C-S—
H phases and the lower content of CH [184]).
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Figure 3-8. Distributions of Al/Ca ratio vs. Si/Ca ratio of hydrates for representative 3D printed
filaments and cast cement paste specimens. (a) HMP filament, (b) reference cast cement paste
with a w/c ratio of 0.3, (c) LMP filament, and (d) cast cement paste with a w/c ratio of 0.5.
Indents are color-coded into categories of hydrates according to the framework described in

[182]. Theoretical values for C-S—-H, CH, ettringite, and monosulfate are shown.

Table 3-2. Percentage of hydrate indents in each morphological phase category determined from

statistical deconvolution analysis of representative 3D printed filaments and cast cement paste

specimens with w/c ratios of 0.3 (reference) and 0.5.

C-S-H C—-S—H/CH mixtures CH Al-rich phases
Mostly C-S-H*  Mostly CHP
HMP filament 5.3% 39.7% 44.1% 5.4% 5.4%
LMP filament 4.8% 36.7% 44.4% 4.9% 9.1%
Cast —w/c=0.3 7.4% 36.2% 40.2% 3.8% 12.4%
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Cast —w/c=0.5

4.9%

44.1%

33.5%

8.1%

9.5%

8 C-S—H with a low percent of CH (CH poor C-S—H)
b C-S—H with high percent of CH (CH-rich C-S—H)

Table 3-3. Median modulus values + MAD (in GPa) of hydrate indents in each morphological

category of representative HMP filament and LMP filament compared to the cast cement pastes

with wi/c ratios of 0.3 (reference) and 0.5.

C-S-H C-S—-H/CH mixtures CH Al-rich phases
Mostly C-S-H!  Mostly CH?
HMP filament 266+22 26.7+28 26.0+£3.0 30951 27144
LMP filament 179+14 17917 17.7+2.0 194+16 182+1.8
Cast —w/c=0.3 26.6+5.0 254+3.1 249+33 259+39 25.3+3.0
Cast —w/c=0.5 18.4+5.0 169+ 3.3 18.1+3.0 195+33 17.7+3.9

1 C-S-H with a low percent of CH (CH poor C-S—H)
2 C-S—H with high percent of CH (CH-rich C-S-H)
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Figure 3-9. Backscattered electron (BSE) images and energy-dispersive X-ray spectroscopy

(EDS) spectra showing porous assemblages of calcium hydroxide (CH) and preferential indent
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failure (red crosses) in representative 3D printed filaments and reference cast cement paste (with

visible marking fiducial).

ESEM/EDS analysis of the indents associated with Peaks 3 and 4 provided additional insight into
the evolution of the unhydrated cement particles and corresponding formation of C—S—-H/CH
mixtures and Al-rich phases during the extrusion process. These indents were found to have a
chemical composition that was either high in Ca and Si and without significant Al and Fe, or a
chemical composition that was rich in Al and Fe. Figure 3-10 shows representative unhydrated
cement particles with and without inclusions rich in Al and Fe for the 3D printed filaments and
the reference cast cement paste. The inclusions had a much higher Al and Fe content (8-10 wt%
for each element) compared to the remainder of the unhydrated cement particle and the
unhydrated cement particles with no inclusions (less than 1 wt% of each element). Indent
locations on portions of unhydrated cement particles with high Al and Fe (Al + Fe concentration
> 15 wt%) were generally found to have higher indentation modulus values than those without,
indicating that the inclusions had higher local mechanical properties than other areas of the

unhydrated cement particles.

While the dynamic change in local w/c ratio in the 3D printed filaments could explain changes in
the level of hydration of the unhydrated cement particles, it did not fully explain the downward
shift in Peak 3 modulus and hardness values for the HMP filament relative to the reference cast
cement paste, nor the LMP filament having Peak 3 and 4 indentation modulus and hardness
values below the Peak 3 values of the cast cement paste with a w/c ratio of 0.5. The reduction in
Peak 3 indentation modulus and hardness values of the HMP filament and LMP filament
compared to the reference cast cement paste suggested that the extrusion process selectively
drove hydration on the regions of the unhydrated particle with lower mechanical properties (i.e.,
regions near edges and without high Al and Fe content). The reduction in indentation modulus
and hardness values was further extended to Peak 4 for the LMP filament, suggesting a further
dissolution of the unhydrated cement particles that impacted the whole particle as a result of a
higher local wi/c ratio. In contrast, only localized regions of the unhydrated cement particles for

the HMP filament that were exposed to less water seemed to be affected, primarily through a
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shift in Peak 3. Consistent with a greater w/c ratio and increased hydration, the LMP filament
exhibited overall a lower surface coverage of unhydrated cement particles though to a lesser
degree than for the cast cement paste with a w/c ratio of 0.5. The changes in the mechanical
response of the unhydrated cement particles in the 3D printed filaments further pointed towards
an effect of the extrusion shear forces on the hydration process. It has been previously reported
in the literature that stress applied on fresh cement paste, such as that applied during extrusion,
can significantly impact hydration and reaction kinetics between solids and liquids and lead to
enhanced dissolution and accelerated hydration of unhydrated cement particles [215, 216].

Remarkably, while the LMP filament and HMP filament exhibited a similar fraction of indents
comprised of C-S—-H and C-S—H/CH mixtures, the LMP filament presented indentation modulus
values that were significantly lower than those of the HMP filament. This marked downward
shift in terms of modulus values, which was also seen for the cast cement paste with a w/c ratio
of 0.5, pointed toward an effect of the microstructure (i.e., porosity) and different microstructural
arrangements of the C-S—H and C-S—H/CH mixtures. These hydrates were thought to be more
loosely packed and interspersed with a higher porosity in the LMP filament than in the HMP
filament as a result of a higher, extrusion-induced, local w/c ratio that provided more space
available in the interstices between the cement grains during hydration. It was also thought that
the extrusion process might have altered the C—S—H phase distribution. The mesostructure
(around 100 nm) of C-S—H phases have been reported to play a significant role in determining
cement paste properties [195, 205, 217-219]. The C—S—H phases found in the LMP filament
exhibited overall a similar range of Si/Ca ratios (Figure 3-8) but lower modulus values than the
C-S—H phases of the HMP filament (Si/Ca ratios ranging from ca. 0.4 — 0.6 and ca. 0.4 — 0.7 and
median modulus values of 17.9 + 1.4 GPa versus 26.6 = 2.2 GPa). This observation could
indicate an effect of the extrusion process on the C-S—H phase packing density and their intrinsic
mechanical characteristics. Differing elastic moduli of C-S—H for similar mineralogical
composition have been attributed in the literature to changes in porosity and packing densities,
with the higher the packing density, the higher the elastic modulus of the C—S—H mesoscale
aggregations [195, 205, 217, 218, 220, 221].
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Figure 3-10. Layered EDS maps highlighting unhydrated cement particles with and without
inclusions rich in Al and Fe in representative low mechanical property filament (LMP filament),
high mechanical property filament (HMP filament) and the reference cast cement paste.
Numbering indicates representative spectra of unhydrated particles and region of unhydrated

particles with and without Al and Fe rich inclusions.

3.3.4. Effect of 3D printing on C-S-H phase distribution

Further refinement of the EDS segmentation and examination of the indents only identified as C—
S—H provided additional insight into the effect of the extrusion-based printing process on the
distribution of C—S—H products and the dependency of the mechanical properties of the 3D
printed filaments on the C—S—H morphology and packing density. This was accomplished by
plotting the PDFs of indentation modulus (Figure 3-11) and hardness (Figure 3-12) values for
indents identified as C—S—H. In this analysis, all the mixed phases, CH, and all other minor
phases were carefully excluded so that the data refer only to the C—S—H phases. The PDFs of the

C-S—H phases were then color-coded according to the ranges of elastic modulus values
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corresponding to the mechanical signatures of high-density (HD) C-S—H (28-37 GPa), low-
density (LD) C-S—-H (15-28 GPa), and loosely-packed (LP) C—S—H (less than 15 GPa) as
reported in the literature for w/c ratios ranging from 0.3 to 0.5 [180, 181, 187-192]. These C-S—
H phases have been shown to be morphologically similar but structurally distinct and to be
related to their packing density [195, 205, 217, 218, 220]. It is generally accepted that C-S—H is
made-up of small building blocks described as globules, particles, disks, and/or foils that are
arranged in a disordered fashion for LD C-S—H (average packing density of 0.64) and in a
closely packed order for HD C—S—H (average packing density of 0.75) [195, 205, 217-219, 222-
224]. The packing density of LD C-S—H and HD C-S—H are principally the result of continuum
distributions of local densities that compose the cement matrix. In the present study, the ranges
of modulus values of the C—S—H phases of the printed filaments and cast cement pastes
overlapped with those of the mixtures of CH and C—S—H and other hydrated phases, suggesting
that the mechanical properties of the C-S—H phases were likely influenced by the pore structure

and microstructural arrangement of the surrounding mixed phases.

Distinctive shifts in the distributions of the indentation moduli of the C-S—H phases (Figure
3-11) were seen between the HMP filament and LMP filament and compared to the cast cement
pastes. The shifts in the PDF peaks corresponded to changes in the relative fractions of LP, LD,
and HD C-S-H. Based on the mechanical signatures, the C-S—H phases in the HMP filament
were identified as a mix of LD and HD C-S—H while the C—-S—H phases in the LMP filament
were identified as primarily low-density phases (LP + LD C-S—H), which was consistent with an
increase in the local w/c ratio induced by the extrusion process. For the HMP filament, the
relative fractions of LD and HD C-S—H were slightly increased at the expense of the relative
fraction of the LP C-S—H that completely disappeared. These results suggested that the
extrusion-based printing process favored an increase in packing density of the C-S—H, thus
making the C—S—H phases stiffer. For the LMP filament, the relative fraction of LD C-S—H was
significantly increased from ca. 62% (reference cast) to ca. 96% and was accompanied by the
complete disappearance of HD C-S—H. In comparison, the relative fractions of LP C-S—H and
LD C-S—H in the cast cement paste with a w/c ratio of 0.5 were ca. 33% and ca. 63%,
respectively. Grid nanoindentation results reported in the literature show that as the w/c ratio
increases, more low-density phases (LP + LD C-S—H) are found and that the porosity increases
[205, 219, 225]. The greater formation of LD C-S—H in the LMP filament could not, however,
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solely be explained by an increase in the local wi/c ratio. Rather, the preferential formation of LD
C-S—H and significant reduction in LP C-S-H in the LMP filament indicated an effect of the
extrusion forces on the C—S—H packing density and porosity, which was facilitated by the water
lubrication layer. The shapes of the PDFs were significantly more compressed for the 3D printed
filaments compared to those for the cast cement pastes, particularly for the LMP filament. The
3D printed filaments presented a narrow peak while the cast cement pastes tended to have a
broader peak. These observations taken with the fact that LD C—S—H accounts for most of the C—
S—H phases of the printed filaments suggested that 3D printing promoted less variation in the
local packing fractions and thus a more uniform distribution of modulus values of LD C-S—-H
compared to traditional casting. It was further thought that the extrusion pressure combined with
the formation of small diameter filaments favored the mesoscale assembly and aggregation of
more oblate C—S—H platelets (high aspect ratio disks) whose largest face tended to align along
the print path. The effect of water and pressure on the preferential orientation of calcium
aluminosilicate hydrate compacts and the effect on the modulus and hardness have recently been
reported in the literature [226]. The mesoscale assemblage of oblate platelets has been shown to
lead to a lower packing density than that of disks and to increase the fraction of pores formed at
the scale of around 100 nm [219]. It has also been reported that an increase in w/c ratio increases
the aspect ratio of the C-S—H platelets, thus increasing the mesopores and lowering the packing
density. This trend supports the idea of mesoscale aggregation of higher aspect ratio C-S—H
platelets in the LMP filament, resulting in more low-density phases and therefore lower
indentation modulus C-S—H than in the HMP filament.

These findings were further supported by the frequency distributions of the C-S—H hardness.
Notably, no significant shift in the primary peak of the hardness frequency distributions of C-S—
H was observed between the HMP filament and the LMP filament despite the significant
difference in their fractions of LD and HD C-S—H and ranges of modulus values. Contrary to the
modulus, the hardness of the C—S—H appeared to be insensitive to the dynamic changes in local
wi/c ratio during the printing process. The C—S—H hardness values of the printed filaments were
all centered around 1 GPa and ranged from 0.5 to 1.5 GPa. This range of hardness values was
consistent with previous studies [196, 205, 209, 218, 227-229] and corresponded to the presence
of both low- and high-density phases. In comparison, the cast cement pastes exhibited a

softening of the C-S—H (i.e., decrease in hardness) with an increase in the w/c ratio from 0.3 to
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0.5 that was also consistent with the changes in the relative proportion of LD and HD C-S—H.
The C-S-H hardness response in the 3D printed filaments reflected the reduction in LP C-S—H
and pointed toward the development of oriented mesoscale aggregation of C—S—H during the
extrusion-based 3D printing process of small diameter filaments rather than the more randomly
oriented C—S—H aggregation as in the cast cement pastes. A proposed schematic representation
of the development of oriented mesoscale aggregation of oblate C—S—H platelets during the
extrusion-based printing process of small diameter filaments is provided in Figure 3-13. It is also
clear from the modulus and hardness results and their comparison between the printed filaments
and cast cement pastes that the form of packing arrangement of the C—S—H phases at the
mesoscale is the predominant factor of their micromechanical response. Alignment of the
mesoscale aggregation of the hydrate phases along the print path suggested also potential
anisotropy of the micromechanical properties within the printed filaments (parallel versus

orthogonal to the print path) and requires further investigations.
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Figure 3-11. Modulus PDFs for indents categorized as “pure” C—S—H based on EDS and

nanoindentation data of representative 3D printed filaments and cast cement paste specimens.

Modulus ranges for C-S—H categories are based on typical values reported in the literature for
loosely packed (LP), low-density (LD), and high-density (HD) C-S-H.
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Figure 3-12. Hardness PDFs for indents categorized as “pure” C—S—H based on EDS and

nanoindentation data of representative 3D printed filaments and cast cement paste specimens.
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Figure 3-13. Schematic representation of (a) the development of oriented mesoscale aggregation
of oblate C—S—H platelets during extrusion-based 3D printing of small diameter filaments and (b)

randomly oriented C-S—H aggregation in traditional casting.

3.4. Conclusions

The micromechanical properties (indentation elastic modulus and hardness) of extruded

filaments in 3D printed cement paste structures were studied using grid nanoindentation and

correlated with microstructural observations and chemical analysis at each indent location. Based

on the presented results, the following conclusions can be drawn:

Dynamic changes in the local w/c ratio during the extrusion process combined with

stress-induced dissolution of cement particles affected the hydrate phase assemblages and

micromechanical properties of the printed filaments.
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e The blend of chemical admixtures (VMA, UW, and high-range water reducer) used to
ensure printability of the cement ink influenced the distribution of the primary hydrated
phases and resulted in an anomalous overlap of their micromechanical properties.

e The extrusion of small diameter filaments affected the mesoscale assemblage and local
packing of the C-S—H phases and might have favored the mesoscale aggregation of
oblate C—S—H platelets.

e Itis suggested that extrusion through a small-diameter nozzle contributed to
preferentially aligning the primary hydrate phases along the print path compared to a

more random arrangement in traditional casting.

These findings suggest that 3D printing through a small-diameter nozzle can provide a way for a
greater control of the mesoscale agglomeration process of C-S—H, which could lead to stronger,

more durable, and sustainable cement-based materials.
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CHAPTER 4

EARLY-AGE PERFORMANCE OF 3D PRINTED
CARBON NANOFIBER AND CARBON
MICROFIBER CEMENT COMPOSITES

This chapter is adapted from Early-Age Performance of 3D Printed Carbon Nanofiber and
Carbon Microfiber Cement Composites published in the Transportation Research Record and
has been reproduced with the permission of the publisher and my co-authors: Brown L. and
Sanchez F. https://doi.org/10.1177/0361198120902704.

4.1. Overview

This study presents on the extrusion process of cement ink with carbon nano and microfibers
during 3D printing and the resulting early age material characteristics. The effect of the 3D
printing process on the filament structure and microstructure of the extruded cement paste was
examined, and the compressive strength of the 3D printed cement composites with and without
carbon nano and microfiber reinforcements within the cement ink was compared to that of their

traditionally cast counterparts at seven days.

4.2. Materials and Methods

4.2.1. Materials

The materials discussed in Section 3.2.1 were used in this study including Type /Il portland
cement, the polycarboxylate-based high-range water reducer (MasterGlenium 7700), the
viscosity-modifying admixture (MasterMatrix VMA 362), and the anti-washout admixture
(MasterMatrix UW 450). Commercially available, vapor-grown Pyrograf-111 PR-19-LHT carbon
nanofibers (CNFs; Applied Sciences, Inc., Cedarville, OH, USA) and polyacrylonitrile carbon
microfibers (CFs; Toho Tenax America, Inc., Rockwood, TN, USA) were used as reinforcement.
Per the manufacturers, the CNFs ranged from 70 to 200 nm in diameter and 30,000 to 100,000

nm in length, and the CFs were ca. 7 um in diameter and 3 mm long.
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4.2.2. Cement composite preparation
4.2.2.1. Cement ink design

Three cement paste mixes were developed, with and without a single type of fiber reinforcement:
a plain cement mix (reference cement ink), a cement mix with 0.2% CNFs per mass of cement
(CNF cement ink), and a cement mix with 0.1% CFs per mass of cement (CF cement ink). A
water-to-cement ratio of 0.3, a VMA 362 loading of 0.9% (per mass of cement), a Glenium 7700
loading of 0.4% (per mass of cement), and a UW 450 loading of 1.0% (per mass of cement) were
used for all mixes. These admixture loadings were within the manufacturer’s recommended
dosages for cementitious materials [169-171] and were found to provide adequate segregation
prevention to allow for a cohesive and printable material based on preliminary testing.

All cement inks were prepared using a stainless-steel paddle bit in a mounted brushed DC motor
attached to a DC power supply to control the rotation speed. For the cement ink containing CFs,
the fibers were added to the cement powder and allowed to mix for 2 min at 400 RPM before the
addition of water and admixtures. For the cement ink containing CNFs, the fibers were added to
the water and admixtures and sonicated using a 500 W probe sonicator (Fisher Scientific Model
505 Sonic Dismembrator, Hampton, NH, USA) operating at 50% power amplitude with a 20 s
on/off pulse for a total time of 10 min. Once the water, admixtures, and fibers (where applicable)
were added to the cement powder, the cement inks were mixed for 3 min, with the first minute
spent gradually increasing the rotation speed from 200 RPM to 1000 RPM, and the remaining
two minutes spent at 1000 RPM.

4.2.2.2. Preparation of 3D printed and cast cement composites

All 3D printed cement composite columns were created according to the procedures outlined in
Section 3.2.2.2. A minimum of five replicates were 3D printed and five replicates were cast of

each cement ink.

4.2.3. Characterization
4.2.3.1. Slump test
Slump measurements were initially attempted with a miniature Abrams slump cone constructed

from polytetrafluoroethylene [230]. However, the cement inks tested were too viscous for this
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method and would not release from the cone under their own weight. Therefore, the cement inks
were slump tested using a straight piece of polyvinyl chloride with an inner diameter of 4.1 cm

and a height of 3.8 cm.

4.2.3.2. Scanning electron microscopy

An FEI Quanta FEG 650 environmental scanning electron microscope (ESEM) (FEI Company,
USA) equipped with a Schottky field emission gun and energy dispersive X-ray spectroscopy
(EDS) was used to collect SEM backscatter electron (BSE) images from the internal faces of
fractured surfaces as well as polished samples recovered after MTS testing. Polished samples
were epoxy mounted and polished in four steps, first with 320 grit and 600 grit silicon carbide
paper, then with 6 um and 1 um diamond paste on a polishing cloth. An accelerating voltage of
15.0 keV, a chamber pressure of 130 Pa, and a working distance of 10.5 mm were used.

BSE images collected at 400x were thresholded using ImageJ (National Institute of Health,
Bethesda, MD) to create a binary image that provided segmentation between unhydrated cement
particles and all other phases. To prevent spurious results from microscale particles, only
particles larger than 15 um? were included in the analysis. The final binary image was then
analyzed for area coverage of the unhydrated cement particles. For each sample type, 50 images
were analyzed. Similarly, large area BSE images of printed filaments of the 3D printed
cement composite fabricated with the CF cement ink were analyzed using the Image]
software and in-house developed Matlab codes to determine the density and the average

minimum CF-to-CF distance.

4.2.3.3. Compressive Testing

Before compressive testing, the top and bottom surfaces of the 3D printed and cast samples were
ground using a 320 grit polishing cloth until each surface was within 0.5 degrees from
perpendicularity to the axis according to the specifications in ASTM C39 [231]. Compressive
testing was conducted at 7 days of age using an MTS 810 material testing system (MTS Systems
Corporation, USA) in displacement-control mode with a loading rate of 5 um/s according to a
modified ASTM C39 [231]. The load was applied along the build direction from the top surface
of the 3D printed samples, such that it was orthogonal to both directions of the rectilinear print
path (Figure 4-1). The load direction with respect to the print path was selected to account for the
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anisotropic nature of 3D printed materials. The literature has shown that the orientation of the
print pattern with regards to the compressive loading direction can have a direct influence on the
material compressive properties with the highest strengths expected when the load is applied
orthogonally to the print path [13, 20, 54, 76] . A minimum of five rectilinear 3D printed and five
cast samples of each cement ink type were tested. Testing was allowed to proceed until the load

dropped to 25% of the maximum load.

Compressive

Compressive
P (b) loading direction

(@) loading direction

Figure 4-1. Compressive loading direction shown for (a) a 3D printed cement composite sample

in a rectilinear pattern, and (b) a cast cement composite sample.

4.3. Results and Discussion

4.3.1. Extrusion and filament formation

The early-age behavior of the tested cement inks was characterized by their stiff consistency and
minimal slump (Figure 4-2a). The low slump of the cement inks was necessary to allow each
printed filament to support the weight of subsequent layers without deformation and to preserve
the shape integrity of the overall structure. No significant difference in the slump behavior was

seen between the different cement inks.

During the extrusion process, a layer of water could be observed at the surface of the printed
filaments with all cement inks (Figure 4-2b). This layer of water was thought to be the result of
water being driven from the bulk cement ink into the extruded filament due to the extrusion
pressure inside the 3D print head (liquid phase filtration), which resulted in the formation of a

lubrication layer along the wall of the nozzle (drainage) that facilitated the flow of the cement
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ink. Consequently, the remaining cement ink in the 3D print head after completion of the print
appeared considerably dryer and more consolidated than the extruded cement ink. The sensitivity
of cement pastes during extrusion to drainage and liquid phase filtration through the granular
solid has been previously reported in the literature [232]. These observations further indicated
the heterogeneous evolution of the cement ink inside the 3D print head with the formation of a
consolidated, low-water content zone and the presence of a high-water content, shearing zone at

the extrusion nozzle.

The reinforcement type was found to influence the mechanism of the extrusion process. The
cement ink with CNFs tended to underextrude, producing a printed filament with a smaller
diameter compared to that obtained using the reference cement ink, while the cement ink with
CFs tended to be subjected to sudden discontinuation of extrusion and occasionally resulted in a
failed print (Figure 4-2c). The underextrusion seen with the CNF cement ink was thought to be
caused by the hydrophobicity of the CNFs, which, locally, repelled water into the bulk of the
cement ink and under the extrusion pressure drove some of the water out of the cement ink,
resulting in a thicker lubrication layer (i.e., more drainage). This led to a thinner diameter printed
filament compared to that of the reference cement ink printed under the same conditions. The
discontinuation in the filament extrusion with the CF cement ink was thought to be due to a
combination of blockages caused by the CFs that were transverse to the printing nozzle and were
not able to pass through (1.6 mm nozzle diameter versus 3-6 mm average CF length) and an
increased viscosity of the cement ink in the presence of CFs that limited the migration of paste
water through the print head and thus liquid phase filtration. Short carbon fiber additions have

been shown in the literature to increase the viscosity of fresh cementitious materials [118].
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(@) Slump (b) Filament Extrusion (c) Nozzle Flow Schematic
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Paste Plug

Reference cement ink

= 'Ubids betwen <
=, D L
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alignment flow nozzle blockage

CF cement ink

Figure 4-2. (a) Slump, (b) filament extrusion, and (c) nozzle flow schematics for the 3D printed
cement composites fabricated with the reference cement ink, CF cement ink, and CNF cement
ink.
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Microstructural analysis of the 3D printed and cast cement composites further revealed that the
3D printing process influenced the level of unhydrated cement particles in the composites at 7
days, as shown from the differences in their percentage of surface coverage in the composite
cross-section (Figure 4-3). The presence of unhydrated cement particles in the 3D printed cement
composites was further influenced by the effect of the fibers on the extruded filament formation
during the extrusion process in the case of the CFs. The 3D printed cement composites fabricated
with the reference and CNF cement inks exhibited overall a lower percentage of surface
coverage of unhydrated cement particles compared to their cast counterparts (ca. 13%-14%
versus ca. 15%-17%), while the 3D printed cement composite fabricated with the CF cement ink

had a higher percentage (ca. 21% versus ca. 17%).

The lower surface coverage of unhydrated cement particles (i.e., greater hydration) for the
reference and CNF cement inks was in agreement with the presence of the liquid phase filtration
during extrusion. The liquid phase filtration pushed water from the bulk cement ink inside the
print head into the extruded filament, thus yielding a greater effective water-to-cement ratio in
the printed filament compared to that of a cast cement paste. This greater effective water-to-
cement ratio resulted in a lower surface coverage of unhydrated cement particles. In contrast, the
higher surface coverage of unhydrated cement particles (i.e., lower hydration) for the CF cement
ink was consistent with a lower liquid phase filtration due to the increased viscosity of the CF
cement paste, which resulted in less water being pushed into the extruded filament and thus in a

lower effective water-to-cement ratio in the printed filament.
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Figure 4-3. BSE images of the cast and 3D printed cement composites fabricated with (a) the

reference cement ink, (b) the CF cement ink, and (c) the CNF cement ink, respectively, showing

unhydrated cement particles; and (d) percentage of unhydrated cement particle surface coverage

for each cast and printed cement composite type.

54



4.3.2. Filament morphology and fiber distribution

SEM images evidenced a heterogeneous distribution of the CNFs and CFs along the filaments in
the 3D printed cement composites. For the 3D printed cement composite fabricated with the
CNF cement ink, a non-uniform distribution of individually embedded and clustered CNFs were
found throughout the composites similar to that of the cast cement composite. Furthermore, no
apparent preferential alignment of the individual CNFs or CNF clusters was seen in the 3D
printed filaments, suggesting a limited influence of the 3D printing process on the distribution of
the CNFs. The CNF clusters were randomly distributed within the cement composites and were
of various size and shape with a diameter of 50 um or less. It was thought that the low slump of
the tested cement inks mitigated the presence of bleed-water for both the cast and the printed
cement composites, limiting the movement of the CNFs through the hydrating cement paste and
thus their reagglomeration. CNF clustering has been shown in the literature to be influenced by
bleed-water with an increasing gradient in cluster size in the direction of bleed-water migration
[233, 234] and to be reduced by hindering the movement of the CNFs in the fresh cement paste
[41, 235]. Studies and methods of quantification of CNFs in cement pastes can be found
elsewhere [41, 234].

In contrast, the 3D printed cement composite fabricated with the CF cement ink exhibited a
preferential alignment of the CFs, which was consistent with the directionality along the print
path of the extrusion nozzle (Figure 4-4). Nozzle induced preferential alignment of fibers has
been previously reported in the literature [13, 24, 236]. Additionally, the rectilinear printing
pattern provided a layering effect in the CF alignment whereby fibers in each layer were oriented
orthogonally to fibers in adjacent layers. Variations in CF distribution within a given layer were
seen, with some areas having a high density of CFs and others having a low density (Figure
4-4d). As an example, for the filament shown in Figure 4-4d, the high CF density zone had a
density of 24 fibers/mm? and a CF-to-CF average minimum distance of ca. 0.10 mm while the
low CF density zone had a density of 7 fibers/mm? and a CF-to-CF average minimum distance of
ca. 0.15 mm. This non-uniformity in fiber distribution within a printed layer was thought to be
due to the partial blockage of the extrusion nozzle with CFs during printing, which led to a
sporadic release of the CFs with, in some cases, a lower density of CFs being released from the

extrusion nozzle and in others a higher density of CFs being suddenly released. In contrast, the
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CFs in the cast cement composite had a more random orientation, which was consistent with the

lack of extrusion pressure and lower confinement seen in traditional casting (Figure 4-4b).

(b)

CFs aligned with the
direction of 3D
printing

: Unalignéd CFs

(d)

Zone of high CF density

Zone of'low.CF densityﬂ

Dashed circles indicate CF locations

Figure 4-4. BSE images showing (a) a CNF cluster with a closeup of the fiber entanglement, (b)

unaligned CFs in a cast specimen and corresponding schematic for compressive loading
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direction, (c) aligned CFs in a 3D printed specimen and corresponding schematics for fiber
alignment with respect to compressive loading direction, and (d) large area BSE image of a

filament layer in the 3D printed cement composite fabricated with the CF cement ink.

4.3.3. Boundary interface between printed filaments

Inspection using ESEM analysis of the 3D printed cement composites generally did not show
any distinctive change in microstructure that was characteristic of interfacial boundaries between
printed filaments, with the exception of air cavities seen between printed filaments of the
composite fabricated with the CNF cement ink (Figure 4-5). These cavities were consistent with
the phenomenon of underextrusion observed with this cement ink. Examination of the
mechanically tested 3D printed cement composite fabricated with the CNF cement ink indicated
the presence of preferential cracking at the edges of the air cavities that coincided with the
filament boundaries. This indicated a weaker interfacial bond between the filaments at the
location of underextrusion. There did not seem to be, however, a notable difference in the
microstructure composition between the areas surrounding the cavities and the other parts of the
composite, with unhydrated cement particles being present up to the edge of the cavities (Figure
4-5b). For the 3D printed cement composite fabricated with the CF cement ink, there was no
significant microstructural change indicative of the presence of an interfacial region between
filaments. However, layers of alternating CF orientations within adjacent filaments could be

seen, indicative of the rectilinear printing pattern (Figure 4-5c).
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Figure 4-5. Photographs of representative specimens (left), BSE large-area map (middle), and
BSE images (right) of the 3D printed cement composites fabricated with (a) the reference cement
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ink, (b) the CNF cement ink, showing air cavities between printed filaments and preferential

cracking, and (c) the CF cement ink, showing CF orientation in adjacent filament layers.

4.3.4. Compressive strength at 7 days

3D printing resulted overall in lower average compressive strengths of the 3D printed cement
composites compared to their cast counterparts (Figure 4-6a). It was thought that load transfer
differences between the cast and 3D printed cement composites contributed to the lower overall
strength of the 3D printed specimens, with load being preferentially transferred in the 3D printed

specimens along the boundary interface between the printed filaments.

The type of fiber reinforcement (CNFs versus CFs) in the cement ink further affected the
compressive strength behavior of the 3D printed cement composites. The cement composites
fabricated with the CNF cement ink had a more drastic reduction in average compressive
strength from cast to 3D printed (44%) as compared to that fabricated with the reference cement
ink (20%) or to that fabricated with the CF cement ink (15%). The underextrusion seen in the 3D
printing process for the CNF cement ink likely weakened the interfacial bonds between
filaments, further reducing the load transfer capabilities of this 3D printed cement composite
(Figure 4-5b). The smaller strength reduction of the 3D printed cement composite with CF
cement ink was attributed to the compressive loading direction that was orthogonal to the aligned
CFs along the direction of the print path, leading to a fiber loading condition that more closely
mimicked flexural behavior. This unidirectional loading with respect to the fibers and print path
was in contrast to that of the cast cement composite with CFs for which the CFs were in a
random orientation. Embedded short fibers have been shown in the literature to provide the most
benefit to the mechanical properties of the material when they are oriented orthogonal to the
direction of the load [14, 237-240].

The effect of the nozzle induced CF alignment and filament layering due to 3D printing was
visible on the post yield stress behavior with the continued resistance to compression after the
maximum yield stress had been reached. This was characterized in the compressive stress-strain

curves (Figure 4-6b) by a continued increase in strain capacity with a tapering of the stress
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retained by the composite until final rupture (i.e., strain softening behavior). A similar post peak

stress behavior has been recently reported in the literature for 3D printed mortars with short

straight steel fibers during flexural testing [241].
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Figure 4-6. (a) Average ultimate compressive strength of each cement composite type and (b)

typical stress-strain curves for the 3D printed cement composites fabricated with the reference

and CF cement inks.

4.4. Conclusions

Cement inks with CNFs and CFs were developed and used to fabricate internally reinforced 3D

printed cement composites. Results showed the extrusion process resulted in a heterogeneous

evolution of the cement ink inside the 3D print head with the presence of a high-water content,

shearing zone at the extrusion nozzle as a result of liquid phase filtration inside the 3D print

head. The following conclusions could be drawn:

e The CNF cement ink tended to underextrude (thinner printed filaments) because of the
hydrophobic character of the CNFs, while the CF cement ink led to sudden

discontinuation of extrusion and occasionally failed prints due to CF transverse

orientation with respect to the nozzle. The underextrusion seen with the CNF cement ink

led to regularly spaced air cavities between the printed filaments, likely weakening the

bond between the filaments and reducing the load transfer capability of the 3D printed

cement composite.
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No notable interfacial region between printed filaments in the 3D printed cement
composites were found with the other cement inks.

For the CF cement ink, the extrusion resulted in a nozzle induced preferential alignment
of the CFs along the print path due to the greater length of the fibers relative to the
diameter of the nozzle.

While 3D printing resulted in lower compressive strength of the composites in the
direction orthogonal to the print path compared to traditional casting, the addition of CFs
within the cement ink reduced the strength difference between the cast and 3D printed

cement composites and provided a strain softening in the post peak behavior.
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CHAPTER 5

MULTISCALE MECHANICAL PERFORMANCE OF 3D PRINTED
HALLOYSITE NANOCLAY CEMENT COMPOSITES

The results of this chapter are being incorporated into the following manuscript:

Kosson M., Brown L., and Sanchez F. Multiscale Mechanical Performance of 3D Printed

Halloysite Nanoclay Cement Composites. Expected submission August 2022.

5.1. Overview

In this study, statistical grid nanoindentation was paired with environmental scanning electron
microscopy (ESEM) and energy dispersive X-ray spectroscopy (EDS) to examine the
micromechanical properties (modulus and hardness) and microstructure of filaments in 3D
printed cement paste structures with 5% replacement of cement with HNC. A cast cement paste
created using the same formulation was also tested as a reference for comparison. In addition,
results were compared to those of an otherwise identical ‘neat’ ordinary portland cement (OPC)
ink with no HNC from a previous study by the author (Chapter 3). EDS and thermogravimetric
analysis (TGA) results are also reported to show the effect of HNC incorporation and extrusion
process on the chemical properties of the printed filaments. Compressive and flexural
macromechanical testing was also performed on 3D printed and cast structures to examine the
effects of HNC incorporation and extrusion process on bulk mechanical performance. Results
showed that HNC incorporation resulted in the formation of low and high mechanical property
filaments, which corresponded to the presence of zones of high and low concentrations of HNC
and partial HNC agglomeration. However, HNC replacement of cement did not significantly
affect the mean macromechanical strength of 3D printed structures, though variance in properties

was significantly reduced by improving filament consistency.

5.2. Materials and Methods

5.2.1. Materials

The materials discussed in Section 3.2.1 were used in this study including Type I/1l portland

cement, the polycarboxylate-based high-range water reducer (MasterGlenium 7700), the
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viscosity-modifying admixture (MasterMatrix VMA 362), and the anti-washout admixture
(MasterMatrix UW 450). Halloysite nanoclay (HNC) (Sigma-Aldrich, USA) was used to control
fresh rheology and increase thixotropic behavior.

5.2.2. Cement paste preparation
5.2.2.1. Cement ink design

Two cement paste mixes were developed, with and without 5% of the cement being replaced
with HNC (HNC cement ink and OPC cement ink, respectively). For both mixes, a water-to-
solids ratio of 0.3, a VMA 362 loading of 0.9% (per mass of solids), a Glenium 7700 loading of
0.35% (per mass of solids), and a UW 450 loading of 1.0% (per mass of solids) were used. These
admixture loadings were within the dosages recommended by the manufacturer for cementitious
materials [169-171] and provided enough rheology control and segregation prevention to allow

for a reproducibly printable material in preliminary testing.

The admixtures and water were measured together, then sonicated using a 500 W probe sonicator
(Fisher Scientific Model 505 Sonic Dismembrator, Hampton, NH, USA) for 20 s at 50% power
to ensure homogenization. For the HNC ink, HNC was added to the cement and manually mixed
until heterogeneity was not visible, then mixed with the mixing apparatus for 1 min at 400 RPM.
The sonicated water and admixtures were then added to the cement powder (and HNC where
applicable), and the cement inks were mixed for 1 min, with the rotation speed gradually
increasing from 400 RPM to 1000 RPM, then for 2 min at 1000 RPM.

5.2.2.2. Preparation of 3D printed and cast cement paste composites

All 3D printed cement ink specimens were printed on a Hydra 430 gantry model 3D printer with
EMO-XT modular printing heads (Hyrel 3D, USA; Figure 3-1a). An .STL file for a cylinder 2.49
cm in diameter and 2.5 cm in height was sliced into 1 mm high layers with a rectilinear pattern
(such that each successive layer was printed perpendicularly to the previous layer) to create a
column structure for micromechanical testing, microstructural analysis, and compressive testing.
For flexural testing, an .STL file for a beam 7.4 cm long by 1.8 cm wide by 1.5 cm high was
generated, and a slicing recipe with a concentric infill pattern (such that all filaments ran the

length of the beam, orthogonal to the loading direction), and a layer height of 1 mm was used.
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After mixing, the HNC cement ink, which had a higher viscosity but more resistance to paste
segregation, was loaded into the 3D print head in a single stage with the aid of a vibrating table,
then tamped. The OPC cement ink was loaded into the 3D print head in multiple stages and
tamped with a 1.6 mm diameter rod to mitigate entrapped air after each stage. The cement inks
were extruded through a 14-guage needle tip (inner-diameter 1.6 mm) onto a glass or acrylic
substrate. Cylinders were 3D printed 25 layers high, which yielded a column structure that was
ca. 2.5 cm in diameter and 2.5 cm in height (Figure 3-1b). Beams were printed 15 layers high,
which yielded a flexure testing structure that was ca. 7.4 cm in length by 1.8 cm in width by 1.5
cm in height (Figure 5-1a).

Cast specimens (Figure 3-1d and Figure 5-1b) were similarly poured either into cylindrical

molds with a diameter of 2.5 cm and a height of ca. 2.5 cm or beam molds with a length of 7.4
cm, a width of 1.8 cm, and a height of ca. 1.5 cm. Casting was conducted in multiple stages for
the OPC ink, with tamping occurring after each stage to mitigate air bubbles. A vibrating table

was again used to cast in a single stage for the HNC ink.

One column was printed and one cast with the HNC ink for micromechanical and microstructural
characterization. Three printed and three cast columns previously tested with the OPC ink were
used as reference. One column was printed and cast with each ink for thermogravimetric
analysis. Six columns and six beams were printed and cast each with each cement ink for

compressive and flexural testing, totaling forty-eight macroscale mechanical testing specimens.

Figure 5-1. Flexural testing beams (a) cast, and (b) 3D printed with a concentric pattern
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5.2.3. Microstructural and chemical characterization
5.2.3.1. Sample preparation for nanoindentation and microstructural analysis

One 3D printed and one cast column structure was prepared for nanoindentation and

microstructural analysis according to the procedure described in Section 3.2.3.1.

5.2.3.2. Grid nanoindentation and statistical analysis

Grid nanoindentation and statistical analysis was performed on polished specimens according to

the procedure described in Section 3.2.3.2.

5.2.3.3. ESEM and EDS characterization

Backscattered electron (BSE) images and energy dispersive X-ray spectroscopy (EDS) spectra

were collected on polished samples according to the procedure described in Section 3.2.3.3.

Microstructural features and micromechanical properties were spatially correlated by overlaying
indent markers on their corresponding location on these BSE maps and color-coding them based
on to which peak they were most likely to belong (Figure 5-2). Chemical composition at each
indent was determined by averaging the EDS spectra for each pixel in a 5-by-5 pixel square
around the pixel for the calculated indent location, removing porosity-associated pixels as
determined from ImageJ thresholding analysis. Further image analysis was conducted on grid-
area BSE images (6 images per grid area) with ImageJ by thresholding images based on
grayscale range to determine the proportion of the microstructural area associated with phases of
interest, particularly unhydrated cement particles and clusters of HNC. Only images associated
with the grid area could be used for this analysis, as only grid areas had known micromechanical
properties that could be correlated with microstructural analysis. This limitation prevented the

analysis of a larger area of the microstructure with this method.

In addition to using the framework defined in [182] to categorize hydrated phase-associated
indents into five categories as described in Section 3.2.3.3, a sixth category associated with HNC

clusters was defined as indent with a (Si + Al)/Ca ratio greater than 0.85.
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Figure 5-2. BSE map of a grid area showing the lines of fiducial indents and cross icons at indent

locations.

5.2.3.4. Thermogravimetric analysis

For each cement ink formulation, a 3D printed rectilinear column and a cast column were
crushed into fine powder using a mortar and pestle, totaling four powder specimens. A Q600
SDT analyzer (TA Instruments, USA) was used to conduct thermogravimetric analysis (TGA) on
three replicates of each specimen type. For each replicate, approximately 30 mg of specimen
powder was used. Each TGA replicate was conducted by heating the sample up to 1000 °C at a
rate of 10 °C/min in a chamber continuously flushed with nitrogen. Characteristic peaks in
derivative weight versus temperature plots were identified to measure weight loss associated
with the thermal decomposition of CH and calcium carbonate (CaCO3). The impacts of printing
and HNC incorporation on carbonation were also examined with this method to investigate the
reactivity of the CH during curing. The primary peaks associated with the thermal decomposition
of CH and CaCOz were identified as being centered around approximately 440 °C and 690 °C,
respectively, for all sample types. The temperature range associated with decomposition was
determined to be 395-470 °C for CH and 630-720 °C for CaCOs (Figure 5-3). Because CH
decomposes into calcium oxide and water vapor, a stoichiometric constant of 4.12 was used to
multiply the weight loss associated with CH decomposition to determine the mass percentage of

CH in the microstructure. Similarly, the weight loss associated with calcium carbonate was
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multiplied by a stoichiometric constant of 2.28 to convert the mass lost in the form of carbon

dioxide to mass of calcium carbonate in the sample.
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Figure 5-3. TGA curve for a 3D printed HNC ink specimen showing characteristic peak ranges
for CH and CaCOsa.

5.2.4. Macromechanical testing
5.2.4.1. Macroscale compressive testing

Before compressive testing, the top and bottom surfaces of all specimens were ground until each
surface was within 0.5 degrees from perpendicularity to the axis according to the specifications
in ASTM C39 [231] using 320 grit silicon carbide paper. Compressive testing was conducted on
35 day-old specimens in a saturated-surface-dried condition using a Tinius Olsen Super L 60 K
universal testing machine (Tinius Olsen, Inc., USA) in displacement-control mode with a loading
rate of 5 um/s according to a modified ASTM C39 [231]. The load was applied to the top surface
of the specimens, such that it was perpendicular to both directions of the rectilinear print path for
printed specimens (Figure 5-4a). Previous literature has shown that 3D printed cementitious
materials have mechanical anisotropy, with the highest strengths to be expected with the load
perpendicular to the print path [13, 20, 54, 76], so load direction was selected to enable

maximum compressive response for the 3D printed specimens. Six 3D printed and six cast
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specimens of each cement ink type were tested. Testing proceeded post-yield until the load was
25% of the peak load.

5.2.4.2. Macroscale flexural testing

Before flexure testing, the top surfaces of the 3D printed and cast samples were ground using
320 grit silicon carbide paper until each surface was visibly flat. Three-point bending flexural
testing was conducted on 35 day-old specimens in a saturated-surface-dried condition using a
Tinius Olsen 50ST universal testing machine in displacement-control mode with a loading rate
of 100 pm/min according to a modified ASTM C293 [242]. The load was applied to the top
surface of the 3D printed samples, such that it was orthogonal to all filaments running the length
of the beam, also selected to account for the anisotropic nature of 3D printed materials (Figure
5-4b). Six 3D printed and six cast specimens of each cement ink type were tested. Testing was

allowed to proceed until brittle sample failure.

Figure 5-4. Macroscale mechanical experimental setup for (a) compressive testing and (b) three-
point bending flexure testing.

5.3. Results and Discussion

5.3.1. Qualitative observations of the influence of HNC incorporation on filament formation and
3D printing of cement pastes

The incorporation of halloysite nanoclay (HNC) into the cement ink significantly changed the
behavior of the cement paste in the fresh and hardened states. In the fresh state, HNC

incorporation was observed to increase the viscosity of the paste, necessitating the use of a
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vibrating table to load the printing heads. However, the ink was also more cohesive and less
prone to water segregation, resulting in it being able to withstand the vibrations necessary for
loading and having visibly less surface water than the OPC ink during filament extrusion (Figure
5-5a and b). The increased viscosity and decreased segregation resulted in printed filaments that
were more consistent (less prone to segregation-induced underextrusion or discontinuities,
Figure 5-5¢ and d) and had improved buildability compared to the OPC ink (decreased
deformation under the weight of successive layers, visible when observing the relative deviation
from the intended rectangular cross-sectional shape in Figure 5-6a and b). The reduction in

surface water resulted in the HNC inks having a slightly rougher surface quality.

(b)

Figure 5-5. Extruded filaments 3D printed with (a) the HNC ink and (b) the OPC ink showing
visibly more surface water. Polished cross-sections of specimens 3D printed with (c) the HNC
ink and (d) the OPC ink showing an increase in printing errors (discontinuities, underextrusion,

and structural shape).
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Visual inspection of the fracture surfaces from beams of each cement ink type after flexural
testing revealed that the macropores tended to be smaller in printed filaments for the HNC ink
(less than 0.2 mm diameter) than the OPC ink (up to 0.5 mm diameter), and that they were larger
(up to 1 mm diameter) and more frequent in the cast specimens for both ink types (Figure 5-6).
This change suggested that printing had a consolidating effect on the filaments, removing larger
air voids, especially for the HNC ink. Interlayer interfaces were slightly lighter in color than the
bulk filament in some places for the HNC ink, though not for the OPC ink, possibly because the
bleed water increased interlayer mixing for the OPC ink. However, there was no evidence of

change in the interfacial microstructure when observed through BSE imaging and EDS analysis.

(b)

(d)

Figure 5-6. Cross-sections of flexure tested beams 3D printed with (a) the HNC ink (b) the OPC
ink and cast with (c) the HNC ink and (d) the OPC ink.
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5.3.2. Local mechanical properties
5.3.2.1. Local indentation modulus and hardness

The difference in response of the cement inks to the extrusion-based printing process was
evidenced by variation in the median indentation moduli between the multiple locations probed
on each printed structure, as measured by grid nanoindentation. Similar to previously reported
for the OPC ink, the structures printed with the HNC ink displayed printed filaments that
exhibited either low mechanical property (LMP; one grid area) or high mechanical property
(HMP; two grid areas) filaments. For clarity, the following analysis focuses the presentation of
the results and discussion on only one HMP filament grid area as the representative HMP

filament.

The median modulus for the HNC ink HMP filament (Table 5-1) was significantly higher than
that for the OPC ink HMP filaments (33.9 + 4.8 GPa, compared to 23.1 — 27.9 GPa), while the
HNC ink LMP filament was somewhat below the OPC ink LMP filament range (12.9 + 1.6 GPa,
compared to 13.7 — 18.8 GPa). The HNC ink cast specimen had a median modulus that was
similar to the range of its OPC ink counterparts (28.1 + 4.9 GPa, compared to 26.7 — 27.8 GPa),
suggesting that HNC incorporation had a minimal effect on the micromechanical properties of
the cast cement paste. The effect on hardness was generally observed to be smaller, with the
HNC ink filaments and cast specimen having median hardness values that were either within or
slightly above the ranges measured for the OPC ink. For the HNC ink, 81% of the LMP filament
indents had a modulus value in the 10-20 GPa range, compared to only 1% for the HMP filament
and 8% for the cast. For the HMP filament, nearly half (47%) of indents had a modulus value in
the 30-40 GPa range, while the cast specimen had a majority (51%) in the 20-30 GPa range.
Differences were smaller for the hardness distributions, though the LMP filament did have the
highest proportion of indents (48%) in the 0-1 GPa range, while the HMP filament had the
highest proportion of indents (56%) in the 1-2 GPa range (Figure 5-7).

For the HNC ink, it was observed that the presence of hydrophilic HNC significantly arrested the
segregation of paste water, as evidenced by an apparent reduction in surface water on fresh
filaments and an increase in filament consistency. This observation further indicated that the
effect of water redistribution and change in local w/s ratio of the extruded filaments as the

extrusion progressed that were previously reported by the authors as the mechanism affecting the
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filament micromechanical properties was likely limited in the presence of HNC. Rather, the
differences in the micromechanical properties of the HNC ink filaments were thought to be the

results of other mechanisms related to the extrusion process.

Table 5-1. Median values (£ median absolute deviation) of the indentation modulus and hardness

for 3D printed and cast specimens with the HNC cement ink.

Modulus (GPa) Hardness (GPa)
LMP Filament 129+1.6 1.0+£0.2
HMP Filament 33.9+4.8 1.2+0.3
Cast (w/s =0.3) 28.1+49 1.1+0.3
Modulus Hardness
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Figure 5-7. Histograms comparing modulus and hardness distributions for representative HNC
ink filaments of each type and cast specimens. Median values (£ median absolute deviation) are
also provided.

5.3.2.2. Mechanically distinct phases from nanoindentation

Gaussian deconvolution of the modulus and hardness PDFs yielded four (4) primary distinct

mechanical phases for all specimens 3D printed and cast with the HNC ink (Figure 5-8 and
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Figure 5-9). The deconvolution parameters for the representative filaments and cast specimens
are summarized in Table 5-2 and Table 5-3. The general trend of the peaks was the same as that
previously reported for the OPC ink with the majority of indents being associated with Peak 1,
no more than 25% of indents being associated with Peak 2, 16% with Peak 3, and 8% with Peak
4.

The general shape of the distributions for the HNC ink also followed that of the OPC ink, with a
unimodal distribution associated with Peak 1 as opposed to separate peaks corresponding to two
distinct types of the main hydrate phase C—S—H sometimes reported for cementitious materials
(Figure 5-8). This behavior, which was previously attributed to the effect of viscosity-modifying
and anti-washout admixtures and/or cement type used on the formation of the hydrated phases,

was not observed to be significantly affected by the incorporation of HNC.
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Figure 5-8. Gaussian deconvolution results for modulus for 3D printed filaments and cast cement

pastes made with the HNC ink.
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Figure 5-9. Gaussian deconvolution results for hardness for 3D printed filaments and cast cement
pastes made with the HNC ink.

Table 5-2. Modulus deconvolution parameters for nanoindentation grids on 3D printed and cast
specimens made with the HNC cement ink. Each grid was deconvoluted into four Gaussian
distributions, with each having a characteristic mean (p), standard deviation (o), and weight

percentage (Wt %).

Peak 1 Peak 2 Peak 3 Peak 4
ntc(GPa) Wt% p+o(GPa) Wt% p+o6(GPa) Wt% p+o(GPa) Wt%
LMP Filament 122+17 62.2 142 +2.6 22.6 265+7.5 115 337+24 3.7

HMP Filament 31.1%46 64.0 404+£79 19.3 79.1+325 14.0 120.2+54 2.7

Cast (w/s=0.3) 26354 75.8 420+2.6 3.7 70.7+25.1 13.2 105.3+6.9 7.3

Table 5-3. Hardness deconvolution parameters for nanoindentation grids on 3D printed and cast
specimens made with the HNC cement ink. Each grid was deconvoluted into four Gaussian
distributions, with each having a characteristic mean (p), standard deviation (o), and weight

percentage (Wt %).

Peak 1 Peak 2 Peak 3 Peak 4
pto(GPa) Wt% pnxo(GPa) Wt% p+o6(GPa) Wt% pxo6(GPa) Wt%
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LMP Filament 09+0.2 72.2 15+04 153 43+138 7.7 5805 4.8

HMP Filament 1.1+03 70.0 1.8+06 17.3 44+16 58 92+15 6.9

Cast (w/s =0.3) 1.0+03 73.3 1.9+07 10.3 83+24 13.6 95+0.1 2.8

For Peak 1, the HNC ink HMP filament (Table 5-2) was found to have a 20% increase in mean
modulus value (31.1 £ 4.6 GPa) compared to the highest mean modulus of the OPC ink HMP
filaments (26.0 £ 5.0 GPa). This increase suggested that the presence of HNC provided a
stiffening effect of the phases associated with Peak 1 for the HMP filament. For the LMP
filament, the presence of HNC impacted the micromechanical properties differently than the
HMP filament, resulting in similar behavior to the OPC ink LMP filaments, with large reductions
in the Peak 1 modulus compared to the HMP filament and cast specimen. However, this effect
was larger for the HNC ink LMP filament than for the corresponding OPC ink LMP filaments
(61% decrease in mean Peak 1 modulus from the HMP filament, compared to 32 — 45%
reductions for the OPC ink). A smaller effect was observed for the HNC ink cast specimen, for
which the Peak 1 mean modulus value (26.3 £ 5.4 GPa) was within the range found for OPC ink
cast specimens (23.5 — 27.8 GPa), suggesting that the HNC only had a small net impact on the
average stiffness of the phases associated with Peak 1. The HNC ink HMP filament mean
modulus was also much higher than that of the HNC ink cast, suggesting that the printing

process affected the behavior of HNC in the microstructure.

Conversely, the Peak 1 hardness (Table 5-3) for the HNC ink HMP filament (1.1 £ 0.3 GPa) was
only slightly higher than for the LMP filament (0.9 + 0.2 GPa) and effectively the same as that
for the HNC ink cast (1.0 £ 0.3 GPa) and the range of Peak 1 mean values for OPC ink HMP
filaments (0.9 — 1.1 GPa). The incorporation of HNC and the printing process for the HNC ink
primarily affected the stiffness (modulus) of the phase associated with Peak 1, but not their

resistance to plastic deformation (hardness).

For all printed filaments, Peak 2 tended to form a right shoulder for Peak 1 on the overall
distribution, between the ranges for Peaks 1 and 3, and the Peak 2 average modulus tended to
move in tandem with Peak 1, with a smaller weight percentage and a larger standard deviation.
For the HNC ink cast specimen, Peak 2 represented a smaller specific portion of the distribution,
corresponding to a sharper peak in the 40 — 44 GPa modulus range. However, it was thought that
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this result was the result of being associated with a relatively small number of indents, such that

small changes in the distribution resulted in an anomalously small Peak 2 distribution.

The cast specimen experienced a reduction in modulus average for Peak 3 (70.7 £ 25.1 GPa)
relative to the OPC ink cast specimens (88.1 — 106.3 GPa), but this difference was thought to be
due to compensation for the anomalously small Peak 2, rather than a real reduction in modulus
for the micromechanical phase associated with Peak 3. Peak 4 behavior for the cast specimen
(105.3 + 6.9 GPa) was within the OPC ink cast range (103.7 — 115.4 Gpa). The HNC ink cast
specimen generally had similar hardness behavior for Peaks 3 and 4 as the OPC ink cast
specimens. The HNC ink HMP filament had Peaks 3 and 4 mean modulus values (79.1 £ 32.5
GPa and 120.2 + 5.4 GPa, respectively) that were higher than or near the top of the range
previously found for the OPC filaments (47.7 — 86.3 GPa and 77.6 — 105.5 GPa, respectively),
suggesting that HNC incorporation improved the phases associated with Peaks 3 and 4 for this
filament. The Peak 3 average hardness for the HNC ink HMP filament experienced a significant
reduction compared to the OPC ink HMP filaments (4.4 + 1.6 GPa, compared to 6.4 — 9.2 Gpa),
though Peak 4 was within the OPC ink range (9.2 = 1.5 GPa, compared to 9.2 — 10.5 GPa). For
the HNC ink LMP filament, mean modulus values for Peaks 3 and 4 (26.5 + 7.5 GPa and 33.7 =
2.4 GPa, respectively) were significantly reduced compared to the HNC ink HMP filament and
cast specimen. The HNC ink LMP filament also experienced a significant reduction in hardness
for Peaks 3 and 4 (4.3 + 1.8 GPa and 5.8 £ 0.5 GPa, respectively) compared to the HNC ink cast
specimen. As with the OPC ink LMP filaments, this effect is analogous to the downward shift in
micromechanical properties caused by an increase in w/s ratio for the OPC ink cast specimens, as
seen in the OPC ink specimen cast with a wi/s ratio of 0.5 (Figure 3-5 and Figure 3-6). However,
the presence of hydrophilic HNC particles was thought to restrict extrusion-based paste water
segregation, and observations about filament extrusion qualities indicated that segregation was
reduced. Therefore, additional evidence from the phase assemblage and microstructure was

needed to draw firmer conclusions about this process.
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5.3.3. Phase assemblage and microstructure
5.3.3.1. HNC clustering

BSE imaging revealed the presence of a distinctive phase randomly dispersed in the hydrated
portion of the microstructure of the HNC cement ink (Figure 5-10a), present in both HMP and
LMP filaments as well as in the cast specimen. This phase was generally larger than the other
hydrated products and was approximately 25 um in Feret diameter on average. EDS analysis
(Figure 5-10b) showed that this phase was rich in Si and Al (approx. 13% and 10% by weight,
respectively, Figure 5-10c) compared to the rest of the microstructure (7% and 2%, respectively),
suggesting that they were clusters of HNC particles. However, the weight percentages of these
clusters were less than the stoichiometric ratios for pure halloysite (22% and 21%, respectively),
and there was still a significant amount of Ca within these clusters (approx. 14%, compared to
31% in the rest of the microstructure), along with some variability within and between clusters,

indicating intermixing of hydration products within the clusters.
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Figure 5-10. (a) BSE image of the microstructure of a filament 3D printed with the HNC cement
inks, (b) EDS map of the BSE image area, and (c) an EDS spectrum of an HNC cluster with
weight percentages (Wt%).

Image analysis of grid area BSE maps (4 images, 0.50 mm? per map; Figure 5-11) showed that
these agglomerates were more prominent in the LMP filament, with 99 significant agglomerates
per mm? (with significant being defined as having an image plane area greater than 50 um?)
comprising 1.7% of the total area, compared to 78 agglomerates per mm? comprising 1.3% of the
total area for the HMP filament. Therefore, there was a 24% increase in HNC clusters associated
with the LMP filament compared to the HMP filament. It was thought that migration of HNC
during extrusion was responsible for shifting the concentration of HNC in the microstructure,

with partial clogging of the clusters in the extrusion nozzle similar to that previously described
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for carbon microfibers in [183], producing regions of high and low HNC concentration (though

without the propensity for extrusion discontinuities caused by the larger carbon microfibers).

HNC Clusters

Figure 5-11. Example of image analysis showing the portion of a BSE image associated with
HNC clusters.

For the cast specimen, a comparatively low number of particles (58 agglomerates per mm?)
covered a high proportion of the microstructure area (1.8%). These observations suggested that
the 3D printing process played a role in breaking up HNC clusters and promoting dispersion, and
that a higher proportion of the HNC in the cast microstructure were in the clustered state.
Therefore, the cast specimen was believed to have a lower concentration of HNC dispersed in the
microstructure than the HMP or LMP filaments.

5.3.3.2. Effect of HNC on degree of hydration

Image analysis of grid area BSE maps (Figure 5-12) revealed that the HNC ink filaments had a
lower proportion of their microstructure associated with unhydrated particles (10.8 — 12.5%)
compared to the OPC ink filaments (15.8 — 18.5%). The degree of hydration (o) was estimated
using the Powers” Model described in [243], assuming that BSE area coverage was
representative of volume fraction and specific gravities of 3.15 for the cement powder and 2.53
for the HNC [244]. Using this method, no significant effect was observed for the HNC ink cast
specimen (o = 0.713) compared to the OPC ink cast specimens (0.664 — 0.739 a-range). The
HNC ink cast specimen was found to have increased clustering, thus limiting the effect of HNC

on the hydration process. Therefore, these results further indicated that the cast HNC ink
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specimen had a lower concentration of HNC in the dispersed state (and a higher proportion in the

clustered state).

For the printed filaments, however, it was found that HNC incorporation promoted hydration,
with HNC ink filaments having a range of 0.757 - 0.765 for a, compared to 0.641 — 0.693 for
OPC filaments. This finding agrees with previous literature, which reported that the pozzolanic
activity of the HNC fibers promotes hydration [43, 44, 245]. The largest effect was observed for
the HNC ink LMP filament (o = 0.765). The HNC ink LMP filament had an increase in
hydration 70% more than the HNC ink HMP filament (o = 0.727). Because dispersed HNC
fibers have much greater exposed surface area to impact the cement hydration chemistry, it was
thought that dispersed HNC concentration had a much more significant effect on degree of
hydration. Additionally, the hydrophilic HNC fibers may have also served as reservoirs for water
during curing, promoting hydration. In addition to the increase in clustered HNC, these results
indicated that the LMP filament had an increase in dispersed HNC. Taken together, the increases

in both states indicate a higher total concentration of HNC in the LMP filament.
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Figure 5-12. Example of image analysis showing the portion of a BSE image associated with

unhydrated cement particles.

5.3.3.3. Chemical phase distribution

By comparing indent location overlaid BSE maps of grid areas with the mechanical property
peaks to which each indent was most likely to belong (Figure 5-2), the microstructural features

for each mechanical peak for the HNC ink was found to match the primary identities previously
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established for the OPC ink: Peak 1 — hydrated phases (including HNC clusters), with mean
values similar to the median values of the microstructure, suggesting primary control of the
overall mechanical response; Peak 2 — composite indents on phase edges and high stiffness
hydrates; Peaks 3 and 4 — unhydrated particles. For this analysis, indents belonging to Peak 1,

associated with the hydrated portion of the microstructure and HNC clusters, were considered.

For the HNC ink filaments and cast specimen, 3 — 4% of the hydrate indents were associated
with HNC clusters, 14 — 19% were associated with Al rich phases. The majority of the hydrate
indents of the 3D printed filaments and cast cement pastes (66 - 76%; Table 5-4) exhibited a
chemical composition that corresponded to mixtures of C-S—H and CH (mostly C—S—H or

mostly CH).

The HNC cluster indents were found to have a wide variety of chemical makeups in addition to
high Al/Ca and Si/Ca ratios, further evidencing the presence of a variety of hydration products
within assemblages of HNC fibers (Figure 5-13). However, when considering whole clusters, the
sum EDS spectra were very similar (Figure 5-10c), suggesting that that there was some
consistency to hydrate intermixing with HNC clusters at larger scales. Additionally, the
proportion of indents associated with HNC clusters was consistently higher (3 — 4%) than the
area coverage calculated by image analysis (1 — 2%), suggesting that clusters which were smaller

than those considered ‘significant’ in the image analysis procedure were also present.
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Figure 5-13. Segmentation of indents associated with hydrates by chemical composition using
SEM-EDS analysis, showing an additional phase representative of the HNC clusters for the HNC
ink.
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Al rich hydrate phases were found to be more prevalent for filaments printed with the HNC ink
compared to the OPC ink filaments. Removing indents associated with HNC clusters from
consideration, 15 — 20% of indents in HNC ink filaments were categorized as ‘Al Rich’ (Table
5-4), compared to 5 — 10% of indents for OPC ink filaments. This result is likely due to a
combination of indenting on phases that include dispersed HNC fibers — which are
comparatively high in Al, and increased formation of aluminate hydrate phases due to increased
availability of Al from the HNC fibers. The HNC ink LMP filament had the highest proportion
of Al rich indents (20%) compared to the HNC ink HMP filament (16%) and the HNC ink cast
specimen (15%). In addition to the changes in cluster prevalence and degree of hydration
previously discussed, this further indicated the HNC ink LMP filament having the highest
concentration of dispersed HNC in its microstructure, and the HNC ink cast specimen having the
lowest. Several of the Al rich indents in the HNC ink LMP filament were near the (Al + Si)/Ca
cutoff to be categorized with the HNC clusters (Figure 5-14). However, most of these indents
were observed to not be part of a significant HNC cluster, suggesting that smaller HNC clusters
or regions rich in dispersed fibers were also interspersed in the microstructure for the LMP

filament.

The proportion of indents associated with mixed phases (mostly CH and mostly C-S-H) for the
HNC ink filaments and cast specimen (66 — 76%) was smaller than for the OPC ink (76 — 84%).
However, this difference was because a larger proportion of indents were associated with Al rich
phases and HNC clusters, rather than a reduction in CH/C-S-H mixing. Among CH, mostly CH,
mostly C-S-H, and C-S-H indents, 86 — 94% of indents were associated with mixed phases for
the HNC ink, compared to 87 — 89% for the OPC ink.
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Figure 5-14. Segmentation of indents associated with hydrates by chemical composition using

SEM-EDS analysis for filaments and cast HNC ink specimens (rescaled compared to Figure 5-13

to focus on non-HNC Cluster indents).

Table 5-4. Percentage of indents in each chemical phase category from SEM-EDS for the HNC

ink.
Low-Al Phases High-Al
Primarily CH Primarily C-S-H Phases
CH Mostly CH Mostly C-S-H C-S-H Al Rich HNC Cluster
LMP Filament 2.1 311 34.7 8.7 19.1 4.3
HMP Filament 18 35.6 394 4.4 154 34
Cast (w/s=0.3) 34 35.1 41.0 18 14.6 4.1
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5.3.3.4. Pozzolanic activity of HNC

Pozzolanic activity was evidenced within the HNC ink specimens, converting CH into C-S-H.
Since the dispersed fibers had a much greater exposed surface area to react with the hydrated
matrix, they were thought to be primarily responsible for this reactivity. For indents associated
with low-Al phases (i.e., ‘CH’, ‘Mostly CH’, ‘Mostly C-S-H’, and ‘C-S-H”), the HNC ink
filaments had a higher proportion of primarily C-S-H phases (‘C-S-H’ + ‘Mostly C-S-H’) at the
expense of primarily CH phases (‘CH’ + ‘Mostly CH’). For HNC ink filaments, 54 — 57% of
low-Al indents were primarily C-S-H (Table 5-4), and 43 — 46% were primarily CH, compared
to 43 — 48% and 52 — 57%, respectively, for the OPC ink filaments.

The LMP filament evidenced the greatest degree of pozzolanic activity, with a higher proportion
of ‘primarily C-S-H’ indents than the HMP filament (57.0%, compared to 54.0% for the HNC
ink HMP filament and 45.0% on average for OPC ink filaments). This change represented a 30%
increase in converting ‘primarily CH’ phases to ‘primarily C-S-H’ phases. This effect was
smaller for the cast HNC ink specimen (52.6%, compared to 48.8% on average for OPC ink cast
specimens), further indicating that the printing process contributed to breaking up HNC clusters
and dispersing HNC in the microstructure. The pozzolanic activity could also be seen from the
clear trend of increasing average Si/Ca ratio among the low Al phase indents: 0.273 for the LMP
filament, 0.260 for the HMP filament, and 0.247 for the cast specimen (Figure 5-14).

The increase in ‘primarily C-S-H’ and Al rich phases for the HNC ink LMP filament provided
further evidence of reactivity of the individual HNC fibers. As the external siloxane surface of
the HNC fibers contributed to the pozzolanic reaction increasing the primarily C-S-H phases, the
internal aluminol surface reacted with other hydrates to form aluminate phases. A low degree of
reactivity would result in an increase in indent locations with high Si and high Al regions
corresponding to unreacted fibers, instead of the observed increase in average Si concentration in
low-Al phases and an increase in the prevalence of high-Al phases. As such, the LMP filament
had the highest proportion of Al rich indents and ‘primarily C-S-H’ indents corresponding to the
most HNC activity and the most dispersed HNC, while the cast HNC ink specimen had the least

of each among the HNC ink specimens.
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However, coupled nanoindentation and ESEM/EDS did not provide a complete picture of CH in
the microstructure due to the high degree of hydrate phase mixing and the higher
nanoindentation failure rate on ‘pure’ CH phases (Figure 3-9). Therefore, TGA was also used to
measure the amount of CH in the microstructure. However, because TGA required powdered
samples that were homogenized from the whole of a printed or cast specimen, only the net effect
of 3D printing and HNC incorporation could be measured, not the differences associated with
changes in HNC concentration and clustering in HMP and LMP filaments. TGA results (Table
5-5) further revealed that HNC incorporation resulted in a reduction in CH in 3D printed and cast
specimens relative to their OPC ink counterparts. However, a larger reduction in CH was
observed between the 3D printed and cast specimens. The TGA results indicated a reduction in
CH associated with printing for both the HNC ink and OPC ink. This was in contrast with the
EDS signatures (Table 5-4) of the indents, which only showed a reduction in CH associated with
printing for the HNC ink. The HNC’s pozzolanic activity pushed many indents in the printed
filaments that were borderline between ‘mostly CH’ and ‘mostly C-S-H’ into the ‘mostly C-S-H’
category, despite the overall conversion rate of CH to C-S-H associated with pozzolanic activity
being smaller than that associated with the printing process.

3D printing also resulted in an increase in CaCOz for both cement inks. It was thought that this
increase was caused by the increase in surface area associated with filament deposition compared
to casting, since carbonation is a diffusion-limited reaction with carbon dioxide. HNC
incorporation did limit carbonation relative to the OPC ink, likely by reducing the available CH
through pozzolanic activity.

Table 5-5. Mass percentage of calcium hydroxide (CH) and calcium carbonate (CaCO3) as
determined by TGA for specimens 3D printed (3DP) and cast with each cement ink.

Specimen Type CH mass % CaCOs3 mass %

HNC ink 3DP 13.7 3.2
HNC ink Cast 14.7 2.8
OPC ink 3DP 14.2 34
OPC ink Cast 14.9 3.0
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5.3.3.5. Effect of HNC on microporosity

The presence of HNC impacted the micropore characteristics of the HNC ink filaments and cast
specimen. Much of the microstructure had an apparent reduction in pores that were 3 —8 pm in
Feret diameter compared to the OPC ink filaments. However, there were also regions of the
HNC ink microstructure that had an increase in pores in this size range (Figure 5-15). These
regions of high microporosity were often associated with the area surrounding larger pores and
varied in size but were generally smaller than 1 mm in diameter. Areas of very high
microporosity were generally not found to be suitable for nanoindentation and so were avoided
for grid location selection. However, there was a significant variation in microporosity found in
the indentation areas for both the HMP and LMP filaments, as well as for the cast specimen.
Consequently, changes in mechanical property distributions could not be directly related to
changes in the pore structure at this 3 — 8 um size range. However, HNC incorporation clearly
impacted the pore structure, and it was believed that HNC also impacted the nanopore structure
and mesopore structure that controlled the microstructural arrangements of the hydrates and their

micromechanical properties.

Figure 5-15. Regions of high and low microporosity in the microstructure of the 3D printed HNC ink

specimen.
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5.3.4. Chemo-mechanical coupling
5.3.4.1. Coupling nanoindentation and chemical information from ESEM/EDS

The range of indentation modulus values of the morphological categories of the hydrate phases
within HNC ink filaments and cast specimen were, overall, more similar to each other than to the
corresponding categories in dissimilar filaments. That is, changes in mechanical properties
between filaments and cast specimens were primarily caused by the same morphological
categories having different mechanical properties, rather than proportions changing for
morphological categories that had relatively constant properties (Table 5-6). This
“homogenization” of the mechanical properties within the filaments indicated that the change in
micromechanical properties between LMP and HMP filaments was likely caused by changes to
the microstructural arrangement of the hydration products, rather than changes in the relative

proportions of the chemical phases.

For the HMP filament and cast specimen, the HNC cluster indents had a significant reduction in
modulus values compared to other chemical phases, as agglomerations of largely unreacted
fibers with interspersed hydration products were less densely packed and had lower mechanical
properties than other phases. However, for the LMP filament, the HNC cluster indents were
within the range reported for other phases, suggesting that this effect was less pronounced when

the entire microstructure had lower stiffness.

The hardness distributions for each morphological category generally had much smaller changes
than the modulus values both between categories within filaments and between filaments within
the same category (Table 5-7). This result was in agreement with previous findings for the OPC
ink, that the changes in hydrated phase packing density, which is responsible for large difference
in elastic response (modulus) generally has a much smaller impact on plastic response
(hardness). However, it can be observed that there was a reduction in hardness for the HNC
clusters in the cast specimen. It is thought that this was caused by the greater size of the clusters
in the cast specimen compared to the 3D printed filaments. These larger clusters had higher
volume-to-surface area ratios, allowing them to behave more differently than the surrounding
hydrate matrix and have reduced plastic responses. Beyond the shifting average values and
standard deviations, the incorporation of HNC seemed to have little effect on the shape of the

distribution for each phase (Figure 5-16).
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Table 5-6. Average modulus values (£ o, in GPa) for each chemical phase categorization for the

HNC ink.
Low-Al Phases High-Al
Primarily CH Primarily C-S-H Phases
CH Mostly CH Mostly C-S-H C-S-H Al Rich HNC Cluster
LMP Filament 128+14 120+14 123+17 124+15 120+15 124+11
HMP Filament 34.8+35 32145 31.2+4.2 30.6 £3.9 313+41 293+44
Cast (w/s=0.3) 269+59 269+49 26.6 £4.7 242 +£52 25951 214 +£45

Table 5-7. Average hardness values (+ o, in GPa) for each chemical phase categorization for the

HNC ink.
Low-Al Phases High-Al
Primarily CH Primarily C-S-H Phases
CH Mostly CH Mostly C-S-H C-S-H Al Rich HNC Cluster
LMP Filament 11+02 09+0.2 09+0.2 1.0+0.2 09+0.2 1.0+01
HMP Filament 1.3+03 1.1+£03 1.1+£0.2 1.0+£0.2 1.1+£03 1.1+£03
Cast (w/s =0.3) 1.1+04 1.1+£03 1.1+£03 1.0+£03 1.0+£03 08+0.3
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Figure 5-16. Modulus experimental probability distribution functions of hydrate indents for 3D
printed filaments and cast cement pastes made with the HNC ink, distinguished by chemical
phase classification.

5.3.4.2. C-S-H phase distribution

While the hydrated microstructure was primarily mixed C-S-H and CH phases, further
refinement of the EDS segmentation showed that the incorporation of HNC also impacted the
behavior of indents identified as ‘pure’ C-S-H. Examining only the indents identified as ‘C-S-H’
and categorizing by stiffness into categories of packing density based on previously reported
literature of cementitious materials with similar w/s ratios, the following C-S-H phases were
defined: loosely-packed (LP; modulus less than 15 GPa), low-density (LD; 15-28 GPa), high-
density (HD; 28-37 GPa), and ultra-high-density (UHD; greater than 37 GPa) [180, 181, 187-
192].

For the HNC ink LMP filament moduli, most of the C-S-H distribution (88%) was in the LP
category, a distinctive downward shift compared to the OPC ink LMP filament, which had only
4% LP C-S-H and 96% LD C-S-H. The HNC ink LMP filament modulus distribution was also
significantly compressed compared to the HNC ink HMP filament and cast specimen.
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Conversely, the HNC ink HMP C-S-H stiffened compared to the OPC ink HMP filament, with
67% of its modulus distribution being HD C-S-H, compared to only 36% HD C-S-H in the OPC
ink. The cast specimen was similarly distributed, but with a wider distribution and with a less
normal distribution likely caused by the low number of pure C-S-H indents (Figure 5-17). As
with the whole hydrated microstructure, HNC incorporation caused a significant densification of
C-S-H for the HMP filament and a loosening of C-S-H for the LMP filament relative to their
OPC ink counterparts.

Hardness distributions for C-S-H further illustrated the insensitivity of plastic response to the
changes in hydrate packing density, which affected the elastic response (Figure 5-18). The
hardness distributions for the HNC ink LMP and HMP filaments were very similar in shape and
location. For the HNC cast hardness values, the distribution was slightly more spread and less
normally distributed. However, this result may have been skewed by the small number of indents
associated with pure C-S-H for the cast specimen.
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Figure 5-17. Modulus PDFs for indents categorized as “pure” C—S—H based on EDS and
nanoindentation data for the HNC ink. Modulus ranges for C-S—H categories are based on
typical values reported in the literature for loosely packed (LP), low-density (LD), and high-
density (HD) C-S—H.
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Figure 5-18. Hardness PDFs for indents categorized as “pure” C-S—H based on EDS and

nanoindentation data for the HNC ink.

5.3.5. Influence of HNC incorporation on chemo-mechanical behavior

Overall, there was evidence of HNC incorporation’s impact on the pore structure, of changes in
clustered and dispersed HNC associated with the formation of HMP and LMP filaments and the
cast specimen, and major changes in micromechanical properties associated with those changes.
Changes in the mesostructure (approx. 100 nm) and microstructural arrangement of hydrate

phases have been previously reported to play a significant role in determining micromechanical
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properties, with higher modulus being associated with higher hydrate density [195, 205, 217-
221]. Therefore, the driving force for the changes in micromechanical properties was attributed

to local concentration and clustering behavior of HNC within a given filament.

For the LMP filament, which evidenced the highest concentration of HNC in the dispersed and
clustered states (based on cluster frequency, degree of hydration, and pozzolanic activity), the
presence of HNC was found to be detrimental to the stiffness of hydration products. The
presence of too many HNC particles and clusters effectively interrupted the formation of the
matrix of hydration products, resulting in lower packing density, an increase in loosely-packed
C-S-H, and outweighing the effects of pozzolanic activity and pore-filling. Additionally, the
hydrophilic HNC particles were thought to migrate with their absorbed water, and the pore
spaces of the less densely packed filament were thought to be saturated with water due to the
100% humidity curing conditions. Consequently, the LMP filament was thought to effectively
have an elevated w/s ratio, which may have also contributed to the increase in degree of
hydration. This effective increase in w/s ratio caused an analogous effect of the increased w/s
ratio in the OPC ink LMP filaments unhydrated cement particles. For both cement inks, the LMP
filaments had significantly reduced mean modulus and hardness values for Peaks 3 and 4,
associated with unhydrated particles, compared to the cast specimens. In both cases, this
reduction was attributed to an increase in local wi/s ratio (or an effective increase in local w/s
ratio for the HNC ink). This increase in local w/s ratio allowed for an increased effect of the
shear stresses of the extrusion process, contributing to the partial dissolution of the unhydrated
particles and reducing their micromechanical properties.

For the HMP filament, which evidenced lower clustered and dispersed HNC concentrations,
HNC’s presence was beneficial to the microstructural arrangement of hydration products, with
pozzolanic activity and pore-filling effects resulting in a densified matrix of hydration products
with an increase in high-density and ultra-high-density C-S-H. Therefore, it was believed that
there exists a concentration for dispersed HNC below which the presence of HNC improves the
micromechanical properties through the mechanisms attributed to it in previous literature:
densifying the microstructure as nano-filler and increasing degree of hydration through
pozzolanic activity and calcium aluminosilicate formation [43, 44, 245]. The HMP filament,

which was shown to have less HNC than the LMP filament, had a concentration below the
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threshold concentration and therefore experienced significantly enhanced micromechanical
properties. Additionally, the HMP filament did not have a reduction in mean modulus for Peak 3
analogous to the reduction caused by partial unhydrated particle dissolution from shear stress
during extrusion for the OPC ink HMP filament. However, there was a significant reduction in
mean hardness for Peak 3 relative to the cast specimen. These results suggested that the HNC
incorporation limited the effect of the shear stresses on the elastic modulus for the HMP

filament, but not on the hardness.

The HNC cast specimen, which did not experience extrusion pressure and filament formation to
aid in HNC dispersion, was found to have comparatively little HNC dispersed in its
microstructure. Consequently, the impact of HNC incorporation on the microstructure was
comparatively small, and the HNC cast specimen had micromechanical properties similar to

those observed for the OPC ink cast specimens.

5.3.6. Macromechanical properties
5.3.6.1. Compressive strength

The effect of the interaction between HNC incorporation and the 3D printing process was
evidenced by the difference in compressive strength between the specimens 3D printed and cast
with the HNC ink. The 3D printed samples with the HNC ink were found to be significantly
stronger than their cast counterparts (at 95% confidence), having 60% higher strength on average
(Figure 5-19a). Meanwhile, the specimens printed and cast with the OPC ink were not found to
have significantly different strength. Additionally, the HNC ink cast specimens were
significantly weaker than their OPC ink cast counterparts. It was thought that the increase in
HNC clusters in the cast specimens, which were found to have lower micromechanical properties
than the rest of the microstructure on average and may have introduced origin points for
microcracks through weak interfaces between clusters and other hydrate phases, were primarily

responsible for this reduction in strength.

In contrast, the printed HNC specimens, which were found to have more dispersed HNC in the
microstructure, had very similar strength as the printed OPC ink specimens on average. The
HNC and OPC inks were found to have different behaviors at the filament and micromechanical
levels, with the HNC ink contributing to an increase in microscale stiffness for HMP filaments
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and a decrease for LMP filaments, and with the HNC ink filaments having more consistent
extrusion qualities. However, these differences were found to effectively negate each other at the
macroscale. Still, the effects of the HNC in the 3D printed specimens could be seen in the
variance of the compressive strength, with the standard deviation being reduced by 65% with the
incorporation of HNC. Despite the HNC ink’s improvement in printing quality, the HNC ink did
not have an improvement in average compressive strength. This result suggests that, on average,
the HNC reduced the load carrying capacity of the filaments on average. Therefore, the reduction
in stiffness for the LMP filaments had a larger effect on macroscale strength than the
improvement for the HMP filaments relative to the OPC ink. The OPC ink’s higher variability in
printing quality resulted in a larger range for compressive strength, with high quality prints being
stronger than the HNC specimens by having filaments which combine to have higher load
carrying capacity, but with lower quality prints being weaker due to voids and underextrusion

errors.

Compressive modulus results (Figure 5-19b) were found to be similar to those for compressive
strength, with the HNC printed structures being statistically stiffer than their cast counterparts
and similar to the OPC ink printed specimens, though with less variance. This result suggests
that the mechanism for the changes in load carrying capacity measured by compressive strength

are related to those of changes in elastic behavior as measured by compressive modulus.
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Figure 5-19. (a) Average compressive strength and standard deviation for each specimen type;

(b) average compressive modulus and standard deviation for each specimen type.
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5.3.6.2. Flexural Strength

For both the HNC and OPC cement inks, the 3D printed specimens were found to have a reduced
flexure strength (measured as modulus of rupture as calculated by ASTM C239) compared to the
cast samples (Figure 5-20a). For the HNC ink, the 21% average reduction in modulus of rupture
was significant at 95% confidence, and the 17% average reduction for the OPC ink was
significant at 90% confidence. These results were not consistent with previous literature, which
has shown an increase in flexure strength of 3D printed specimens tested in similar orientations
compared to cast specimens [79, 80], though it is consistently pointed out that these properties
are dependent on the specifics of the printing parameters and ink formulation. There was no
statistically significant difference between the two ink formulations for the 3D printed or cast
specimens, though small increases for the 3D printed and cast HNC ink specimens suggested that
there may have been some internal reinforcement benefit conferred by the HNC fibers. As with
the compressive strength, the HNC ink 3D printed samples had a reduced variance compared to
the OPC ink 3D printed samples (45% lower standard deviation). This reduction is in agreement
with the observations of improved rheology and printing consistency, and of the fracture surfaces

having smaller macropores for the HNC ink filaments than the OPC ink filaments (Figure 5-6).

Conversely, Young’s modulus was found to be higher for the 3D printed specimens of both ink
types compared to their cast counterparts (Figure 5-20b). The 58% increase for the HNC ink was
significant at 95% confidence, and the 19% increase for the OPC ink was significant at 90%
confidence. It is hypothesized that the previously suggested alignment of the oblate C-S-H
globules in the direction of printing (Figure 3-13) may have increased the stiffness of the
filaments in flexure compared to the cast specimens, though not improved ultimate strength as
measured by modulus of rupture. This hypothesis is strengthened by the analogous
micromechanical results showing that this alignment primarily affected elastic behavior
(indentation modulus at the microscale and Young’s modulus at the macroscale), but not plastic
behavior (hardness at the microscale and flexural strength at the macroscale). This effect was
further evidenced by the absence of a slight strain-stiffening effect in the 3D printed specimens
which was present in the cast specimens (Figure 5-20c). The additional increase in Young’s

modulus between 3D printed and cast specimens associated with the incorporation of HNC may
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also be caused by the potential alignment of the fibrous HNC particles in the direction of

printing.
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Figure 5-20. (a) Average flexural strength (modulus of rupture) and standard deviation for
specimens 3D printed and cast with each cement ink; (b) average Young’s modulus and standard
deviation for each specimen type; and (c) representative stress/strain curves for 3D printed and
cast samples with the HNC ink.

5.4. Conclusions

The effects of replacing 5% of cement with halloysite nanoclay (HNC) in 3D printing cement
inks on filament behavior was assessed through observations of filament morphology, statistical
grid nanoindentation paired with ESEM/EDS mapping, TGA, and macromechanical testing.

Based on the presented results, the following conclusions can be drawn:
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e HNC incorporation improved the ink printability, reducing underextrusion and
discontinuity printing errors, extrusion pressure-driven segregation, and observed
macropore size.

e The HNC ink was found to form high and low mechanical property filaments. This effect
was thought to be caused by dynamic changes in HNC clustering and concentration
distribution during the printing process.

e Micromechanical properties were increased by HNC incorporation in HMP filaments and
reduced in the LMP filament relative to the cast specimen and the OPC ink. Cast
specimens were found to have similar micromechanical properties for both inks.

e The 3D printing process was found to contribute to reducing HNC clustering, with the
LMP filament having higher concentration of dispersed HNC fibers, interrupting hydrate
matrix formation and contributing to a more loosely packed microstructure, while HMP
filaments had a lower HNC concentration and were densified by its incorporation.

e HNC incorporation did not significantly affect the average macromechanical properties in
3D printed specimens compared to the OPC ink, but 3D printed HNC specimens were
found to greatly reduce variance in properties. Meanwhile, HNC incorporation

contributed to reduced compressive strength for the cast specimens.

These findings suggest that replacing 5% of cement with HNC can significantly influence the
behavior of printed filaments and structures, and that HNC incorporation could lead to improved
performance in some applications. Further work should be done to optimize the concentration

and dispersion of HNC.
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CHAPTER 6

EFFECTS OF INTERNAL ARCHITECTURE AND INK
COMPOSITION ON THERMAL BEHAVIOR OF 3D PRINTED CEMENT
PASTES AND HALLOYSITE NANOCLAY CEMENT COMPOSITES

The results of this chapter are being incorporated into the following manuscript:

Kosson M., Brown L., and Sanchez F. Effects of Internal Architecture and Ink Composition on
Thermal Behavior of 3D Printed Cement Pastes and Halloysite Nanoclay Cement Composites.

Expected submission August 2022.

6.1. Overview

For this study, the effect of internal architecture and HNC incorporation on the thermal behavior
of 3D printed cement-based beams was investigated. Three internal architectures created by
using different infill patterns were utilized: rectilinear, 3-dimensional honeycomb, and
Archimedean chords. Solid cast beams were used as a reference comparison. Cement inks with
and without 5% cement replacement with HNC were compared. The beam thermal behavior was
characterized by using a novel approach that integrates a thermal conduction experimental setup
for real-time infrared thermal imaging and a conceptual 1-dimensional heat transfer fin model for
calculating the effective thermal conductivity of 3D printed beam with complex internal

architectures.

6.2. Materials and Methods

6.2.1. Materials

The materials discussed in Section 3.2.1 were used in this study including Type I/11 portland
cement, the polycarboxylate-based high-range water reducer (MasterGlenium 7700), the
viscosity-modifying admixture (MasterMatrix VMA 362), and the anti-washout admixture
(MasterMatrix UW 450). Halloysite nanoclay (HNC) (Sigma-Aldrich, USA), which has a
needle-like structure that is 30-70 nm in diameter and 1-3 um in length, was used to affect the
thermal capacity and hardened mechanical properties, and to control of the rheology and setting
time of the cement pastes.
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6.2.2. Cement composite preparation
6.2.2.1. Cement ink design and preparation

Two cement inks were used: a ‘neat’ cement paste ink (OPC ink) and an ink, which had 5% of
the OPC replaced with HNC (HNC ink). Both inks had a 0.3 water-to-solid (w/s) ratio, 0.9%
VMA 362 (per mass of solids), 0.35% Glenium 7700 (per mass of solids), and 1.0% UW 450
(per mass of solids). These ink designs provided adequate ink qualities for consistent printability
in preliminary testing and were within the manufacturer’s recommended dosages for admixtures

[169-171].

The admixtures were added to the water and sonicated using a 500 W probe sonicator (Fisher
Scientific Model 505 Sonic Dismembrator, Hampton, NH, USA) for 20 s at 50% power
amplitude. When applicable, HNC powder was added to the OPC powder and stirred until
visibly homogenous. Then, the HNC/OPC powder combination was mixed for 1 min at 400
RPM with a stainless-steel paddle bit in a mounted corded drill with rotation speed controlled by
a DC motor. The homogenized water/admixture mix was added to the HNC/OPC powder and
mixed for 1 min with rotation speed ramping up from 400 RPM to 1000 RPM, followed by 2
min at 1000 RPM.

6.2.2.2. Preparation of 3D printed and cast cement beams

All 3D printed cement beams were printed using a Hydra 430 gantry model 3D printer with
EMO-XT modular 3D print heads (Hyrel 3D, Norcross, GA, USA). An .STL file for a beam
measuring 90 mm long, 28 mm wide, and 14 mm high was generated, and slicing recipes with
one vertical perimeter layer, no horizontal perimeter layers, a layer height of one mm, and three
infill patterns were produced using Slic3r slicing software (Italy). The three infill patterns with
30% infill and a variety of filament pathways and void structures for heat conduction were
selected to demonstrate the effect of different internal architectures on thermal properties:
rectilinear (RL) — such that each successive layer was printed in an orthogonal alignment from
the previous layer; 3-dimensional honeycomb (3DHC) — such that the extrusion produces
interlocking hexagonal voids; and Archimedean chords (AC) — such that the extrusion pattern

spirals outward from the center of the sample (Figure 6-1).
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The OPC cement ink was manually loaded into the 3D print head. A vibrating table was used to
aid loading with the HNC ink, which was more viscous than the OPC ink. Tamping with a 1.6
mm diameter stainless-steel rod mitigated air bubbles. Samples were 3D printed 14 layers high,
which yielded a beam-shaped sample that was ca. 90 mm long, 28 mm wide, and 14 mm high.
Three replicates were printed for each internal architecture and cement ink, totaling eighteen 3D

printed samples.

As a control, each cement ink was also cast into beam-shaped silicon molds and tamped with a
1.6 mm stainless-steel rod to produce solid beams measuring 90 mm long, 28 mm wide, and 14
mm high. Three replicates of each cement composite type were cast. All beams were aged for 35

days in a curing chamber before characterization.

Figure 6-1. (a) Tool-path schematics of the infill patterns utilized for 3D printed beams to alter

internal architecture: Archimedean Chords (AC), Rectilinear (RL), and Three-Dimensional
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Honeycomb (3DHC); and cast and 3D printed specimens for each architecture made with (d) the
OPC ink and (e) the HNC ink.

6.2.3. Thermal measurements

To measure differences in thermal conduction resulting from variations in ink composition and
internal architecture, an experimental setup was designed where a thermal conductor (aluminum)
in contact with a heating element at 60 °C was applied to one end of a 3D printed or cast beam
(test beam). Refractory bricks were utilized to insulate the bottom and sides of the beam as well
as provide a layer of separation between the beam and the heating element (Figure 6-2a). A FLIR
A8300sc MWIR performance infrared camera was mounted above the sample to track
temperature progression during testing (Figure 6-2b). An insulating rubber pad was placed above
the exposed portion of the conductor to mitigate the effect of the conductor on IR images. The
conductor was allowed to preheat to steady-state before testing, with the surface to be exposed to
the test sample registering between 40.0 and 40.5 °C with the infrared camera. Test samples were
coarsely sanded on the sides to reduce printing heterogeneity and were allowed to equilibrate to
room temperature, then exposed to conductive heating for 120 minutes. The entire test setup was
surrounded by acrylic sheets to minimize the effect of small differences in the room temperature

and air flow on the test setup.

Thermal images were collected at ten-second intervals for the duration of testing. Image
resolution was set to 1130 x 490 pixels. Cursors were placed in six locations near the centerline
of each sample (Figure 6-2c) for temperature monitoring using the infrared camera software,
with average temperature for a nine-pixel square recorded at 10 second intervals. These locations
were selected such that they could be at nearly the same distance from the heat source and be in
the middle of a printed filament for all patterns. There was some variation due to the differences
in available locations between architectures, but they were placed approximately 18 mm apart,
with the first cursor in the middle of the filament in contact with the heat source, and the last
cursor on the opposite wall. Distances from the edge of the sample were approximated for the

cast beams to be equivalent to the 3D printed beams.
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Figure 6-2. (a) Refractory brick sample holder, (b) thermal conduction experiment set-up, and (c)
infrared image showing selection of six locations near centerline for temperature monitoring on a

3DHC beam at time ¢ = 0.

6.2.4. Analytical model for heat transfer in the 3D printed and cast cement composites

To directly compare the effects of the 3D printed internal architecture and cement ink
composition on thermal conductivity, testing beams were modeled as 1-dimensional cooling fins,

with one end attached to a heated wall and the rest of the fin exposed to a convective cooling
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environment (Figure 6-3). Conceptually, this model is very similar to the experimental setup,
with the beam pressed up against the heating source and exposed to the air environment along its
top. By modeling the beams — which could be solid or have significant air void patterning — as
solid structures, the net effects of internal architecture and ink composition on heat flow could be
measured without having to directly model air voids or filament shape. First, temperature
evolutions for cursor locations along the beams were modeled in the unsteady-state to estimate
the steady-state temperature at each location. Then, the estimated steady-state temperatures were
used to model the steady-state temperature profile of the beams as a function of distance from the
heat source. From this model, comparative values for the thermal conductivity could be
determined. In this way, ‘effective’ heat transfer characteristics of the whole beam were
determined as a single parameter, which accounted for the net role of thermal anisotropy and air
voids. Similar approaches of determining the effective thermal conductivity of composite
materials, wherein heat must pass through multiple phases, are common [246]. Because not all
modeling parameters were known, this method only produced a comparative effective thermal
conductivity value (k*z) that is proportional to the effective thermal conductivity of the beam.
However, this simple procedure allows for direct comparison of the relative thermal conductivity

of multiple beam internal architectures and ink formulations.

Fin
\ E Heat F q
—_ Q
x=L %,
&
7;’ Ce ’69

Figure 6-3. Schematic for a cooling fin of length Z protruding from a heated wall of temperature
Ty in a convective media of temperature 7. and velocity Ce, where fin temperature is a function

of distance from the heat source (x), shown to be conceptually similar to the test beam setup.

For this study, the modeling of the beam heating experimental setup in the unsteady-state is
based on a simplified version of the analytical solution for a cooling fin provided by [247]. This
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solution, which satisfies Fourier’s equation with the initial condition that the fin is in equilibrium
with the surrounding temperature, utilizes Green’s functions that introduce an infinite summation
series. For simplicity, the boundary condition case where the end of the beam is insulated is
used. This approximation is appropriate because the temperature change at the end of the beam is
small compared to closer to the heat source, indicating most heat is lost through the exposed top
surface and little heat is lost through the exposed end. Therefore, the temperature in the beam as

a function of distance from the heat source and time can be determined as such:

QoL (e—m(ZL—x) + e—mx) qoL e—miat
Teet) - T = k  mL(1—e2ml)  k m2]2

qoL ~\® cos (Bnx/L) (m2L? + B2)at
- - [exp l— l]

-2

k Luny m2I2 + B2 12

Where T(x,¢t) is the fin temperature as a function of distance from the heat source (x) and time
(9); Teis the convective environment temperature; gois the rate of heat flow into the fin; Zis the

length of the fin; kis the conductive heat transfer coefficient; ais a time constant; mis a

dimensionless fin constant where m = /% with 2 [MLT-3K-1] being the convective heat transfer

coefficient, Ax [L2] being the surface area for convection, and I/[L3] being the volume of the fin;
and fn= (n- %)

However, as is discussed in the derivation of this analytical solution, the summation series term
decays more quickly than the other terms, such that when the system has transitioned from initial

heating to heat propagation, it is appropriate to represent the temperature as such:

T(ot) T, = 2 (e +em™) gole™
’ € k  mL(1—e2mL) k m2L2 Eq. 2

This expression can then be further simplified by making the following identities:

qOL (e—m(ZL—x) + e—mx)
T =
S.S.(x) k mL(l _ e_ZmL) Eq 3

Where Tss(x) is the steady-state temperature in the fin as a function of x,
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QoL

* = Eq. 4
AT"(x) km?2L? a
Where AT"(x) is the increase in temperature between initial conditions and steady-state
accounted for by the second term in Eq. 1, and
N =ma Eq. 5

Where 2[T-1] represents a time constant. While the term 47" (x) is independent of xas derived
from Eq. 2, allowing it to fit separately at different values of xfor the model reduced sensitivity
to the summation term having not entirely decayed. Since the ultimate goal of this fitting is the
determination of 7ss (x) for steady-state modeling, this allowance was found to give more

accurate results. Such an allowance was not found to be necessary for (2.

Based on these simplifications, after a sufficient period of time to allow for the decay of the
summation series term, it is appropriate to represent the temperature at each cursor point in a

simple exponential form as a modified version of Newton’s Law of Cooling, such that:

T(x,t) = T (x) — AT*(x)e™ Eq. 6
Then, a least-square regression can easily be fitted to the temperature data to determine 7s.s (x),

AT (x) for each cursor location, and (2 for each beam.

For this study, the first 2000 seconds of each experimental trial was removed from consideration
to allow for the decay of the summation series term in Eq. 1. This time was found to be
appropriate for all temperature profiles, and 7ss(x) is generally insensitive to further increases in
the time selected. Initial estimates for 7ss(x), AT"(x) for each cursor point, and (2 for each beam
were found by plotting the experimental data and roughly estimating regression. Sum of squares
regression and sum of squares total for each time point was subsequently calculated for each
cursor. These terms were used to calculate an initial R? value for each cursor point. Excel’s GRG
Non-linear Solver functionality was then used to minimize the sum of (1-R?) values for each
cursor by altering 7ss(x), AT (x), and 2 values. Regression equations were checked manually to
ensure that the result provided was an appropriate value and not a local minimum for (1-R?). In

this way, 7ss(x) values were determined to be used for steady-state modeling for each beam.

Once values for 7ss(x) had been established for each cursor location, the steady-state model for

the same conceptual setup was used, with the beam being treated as a cooling fin with one side
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exposed to a heat source and its surface exposed to a convective cooling environment. This
solution is also derived from Fournier’s equation and utilizes the same boundary condition of
there being no heat transfer from the end of the fin away from the heat source (x = Z). The other
boundary condition is that the temperature of the fin where it is joined to the heat source (x =0)
is the same as the heat source. In this situation, the following analytical solution of 7%s (x) can be
used [248]:

Tys () =T,  cosh((1-F)mi)

= Eq. 7
Tss(x=0)—T, cosh (mL)

Where Tss(x=0)was approximated by 7ss for the first cursor position (near the heat source).

Tss(x), having been determined from the unsteady-state model, was used for each of the six
cursor positions for each beam, 7s.s(x=0) was approximated as the 7ss value found for the first
cursor, and x/L was measured as the distance from the first cursor divided by the distance
between the first and last cursor (i.e., x/L = Onear the heat source and 7 near the edge of the

beam exposed to the convective environment).

Then, a least-square regression could be taken to model 7ss at each cursor using Eq. 7. Excel’s
GRG Non-linear Solver functionality was used to minimize (1-R?) for each beam by altering mL
and 7e. The conceptual fin model assumes that the convective media is flowing over a solid
beam and T7e is the bulk temperature of the testing room. In this study, largely still air was
exposed to complex architecture, allowing for the development of a more complex boundary

layer. To account for this, 7. was allowed to be a fitted parameter.

The results were then made to be dimensionless by assigning dimensionless temperature, 8 =

Tss.(x)-Te

Toe(xo0)-Ty" and dimensionless length, x /L, yielding the final form:

cosh ((1 - %) mL)
cosh (mlL)

X

This steady-state regression procedure yielded a fitted value for mL for each beam. Taking Z as
constant, this value is proportional to the effective Biot number for the beam, the ratio of the

thermal conductivity coefficient to the convective coefficient. In changing the internal

architecture of a 3D printed beam, the pathway for heat conduction is directly altered, changing
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the cross-sectional area and tortuosity for heat flow. While this can also be expected to have an
effect on the convective properties of the beam, there is less of a relationship between internal
architecture and convective surface area. The addition of void structures increased the surface
area for convection, but much of that added surface area was away from the top surface of the
beam and, therefore, less exposed to the convective media. Likewise, changes in ink composition
can be expected to have a greater effect on conductivity (a bulk property) by changing the
internal pore structure and hydration products while having comparatively little effect on

surface-controlled convective properties.

Therefore, for this study it was assumed that, in changing printing architecture and ink
composition, changes in effective Biot number and heat profile were dominated by changes to
the conductive behavior rather than the convective behavior. Consequently, with mZ being
inversely proportional to (k)2/2, a dimensionless term for comparative thermal conductivity
(k*em can be introduced, which is equal to 7/m?and is proportional to the effective conductive
heat transfer coefficient. k*.«can be directly compared between beams and beam types to

determine the comparative effect of architecture and ink design on thermal conductivity.

It should be noted that the 2 value was not used to calculate k*+from the unsteady-state model
(Eq. 5) because there was more variability in 2 based on the initial conditions than for the
steady-state model, which is only based on 7ss. Practically, much of this variation can be

attributed to small variations in initial conditions for the samples and test setup.

6.3. Results and Discussion

6.3.1. Thermal imaging and temperature profiles

The influence of internal architecture design on thermal properties was overall greater than the
influence of HNC incorporation in the cement ink. Among the 3D printed architectures, there
was a clear hierarchy of temperature profiles. The AC pattern had the highest degree of heat
buildup at Cursor 1 (near the heat source) due to the lack of direct conduction pathway between
filaments, with the air void structure crossing the width of the beam. The AC pattern beams also
had the most rapid initial rises in temperature at Cursor 1, followed by a rapid settling into a

stable temperature profile. The cast beams, conversely, had the lowest degree of heat buildup at
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Cursor 1, with a direct path for conduction not interrupted by air voids, and they had a more
gradual initial temperature increase, which more gradually transitioned into a stable profile as
heat flux was able to continue near the heat source without the higher buildup of driving force
required for the less direct flow path of the printed structures. By Cursor 2 — approximately 19
mm from the heat source — and for each subsequent cursor, this dynamic had reversed, with the
temperature profiles for the AC beams stabilizing at a lower temperature due to the
comparatively low heat flux reaching that point. At all cursors, the temperature profiles for the
RL and 3DHC beams were intermediate between that of the AC and cast beams (Figure 6-4).
There was, however, not a clear hierarchy between the RL and 3DHC beams based solely on

architecture.

The effect of the HNC incorporation was evidenced by the difference in temperature profile
behavior when comparing the RL and 3DHC architectures for each ink. For the OPC ink, the
temperature profiles were very similar between the two architectures at Cursors 1 and 2 before
diverging with the RL beams having higher maximum recorded temperatures at subsequent
cursors (Figure 6-5). Conversely, for the HNC ink, the 3DHC beams had more heat buildup more
rapidly at Cursor 1, but behaved more similarly to the RL beams at subsequent cursors. This
difference can be attributed to the role of thermal anisotropy in directing heat flow within the
beams, which appears to have been increased by the incorporation and potential alignment of
HNC particles with different thermal behavior from the OPC ink. For the 3DHC architecture,
there were layers in which filaments ran predominantly parallel to the direction of heat flow,
leading to a buildup of heat in these layers with the heat being relatively trapped by the air void
structure. However, it also had layers of filaments which predominantly ran the length of the
beam, providing a relatively direct heat conduction pathway in these layers. For the RL beams,
conversely, all filaments were at a 45-degree angle relative to the length of the beam. These
architecture differences did not significantly impact the temperature profiles for the OPC ink, but
when combined with the increased thermal anisotropy imparted by the HNC ink, significant
differences in the temperature profiles were observed. For the RL beams printed with the HNC
ink there were better conduction pathways away from the heat source, increasing flux and
allowing the temperature profile there to settle in a lower temperature range for Cursor 1.
However, because this conduction pathway did not lead directly toward the measurement point at

subsequent cursors, the heat flux along the beam was reduced. For the 3DHC architecture,
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however, the periodic filaments, which were predominantly across the width of the beam served
as heat reservoirs (Figure 6-1a), such that it took longer to reach steady state as the cross-
filaments warmed, but the warmed cross filaments eventually allowed increased heat flow,
allowing similar steady state temperatures as the RL architecture away from the heat source to be
reached more gradually. Visualization of heat transfer through each beam type can be seen in

Figure 6-6 and Figure 6-7.

These results are in agreement with previous literature, which has shown that infill properties in
3D printed structures can significantly impact thermal properties in thermoplastics 3D printed by
fused deposition modeling or in numerical studies on cementitious materials, with filament
dimensions, direction, and patterning contributing to thermal anisotropy and reducing thermal

transmittance compared to non-printed structures [84, 152, 156, 249-251].
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Figure 6-4. Representative temperature vs. time profiles at Cursors 1, 2, and 3 (approximately 1

mm, 19 mm, and 37 mm from the heat source, respectively) for each architecture and ink type.
Note that axis scales change by cursor to highlight effects in different temperature ranges and

time-scales.
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Figure 6-5. Maximum temperature vs. distance from heat source plots of representative beams
for each architecture type for (a) the OPC ink and (b) the HNC ink.
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Figure 6-6. Thermal imaging 90 and 2000 seconds after the start of testing for beams 3D printed

and cast with the OPC cement ink.
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Figure 6-7. Thermal imaging 90 and 2000 seconds after the start of testing for beams 3D printed

and cast with the HNC cement ink.

6.3.2. Comparative effective thermal conductivity from analytical model

In agreement with the trends discussed for the maximum temperature vs. cursor profiles (Figure
6-5), there was a clear hierarchy for the effective thermal conductivity based on internal
architecture (in order of descending conductivity: cast, RL, 3DHC, and AC, Table 6-1).
Statistically significant differences (Welch’s T-Test, o = 0.05) were observed for each
architecture type within each ink type, with the cast beams having the highest effective thermal
conductivity, and the AC beams having a 76% and 77% decrease relative to the cast for the OPC
and HNC inks, respectively. While differences between the RL and 3DHC could not be clearly
differentiated from the experimental measurements, the analytical results revealed that the RL
beams had significantly higher effective thermal conductivity than the 3DHC beams (12% and
15% higher for the OPC and HNC inks, respectively). This indicates that the increase in filament
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conduction pathways (Figure 6-1a) resulted in increased conductivity, despite those pathways
having a less direct path along the beam compared to the more direct but fewer filaments in the
3DHC architecture.

In agreement with the discussion of the temperature profiles, the differences between ink types
were smaller than for internal architectures. However, the analytical results revealed that the
HNC ink did experience a marginally lower average effective thermal conductivity than the OPC
ink for each internal architecture, indicating that HNC incorporation played an insulating role.
This difference was only statistically significant at a = 0.05 for the AC beams and at o= 0.1 for
the 3DHC beams. However, the consistent results suggested that the HNC ink reduced the
thermal conductivity on average. This result is in agreement with previous literature, which show
that incorporating halloysite nanoclay in cementitious materials can result in a reduction in
thermal conductivity [167, 168].

Table 6-1. Average k*esvalues (+ standard deviation) for each beam type.

Architecture Type

Ink Type Cast RL 3DHC AC
OPC 0.1362 + 0.0081 0.0456 + 0.0020 0.0408 + 0.0013  0.0329 + 0.0013
HNC 0.1251 +0.0070 0.0443 +0.0018 0.0385+ 0.0005 0.0282 + 0.0020

The results for average k*values had standard deviation values that were 7% of the average
value or lower for each beam type, indicating a high degree of repeatability based on the three
replicates of each of eight sample types. This low degree of variability revealed that the method
provided for comparing effective thermal conductivity yielded repeatable results, and, paired
with the following more in-depth analysis and model fit quality, suggested that the assumptions

made to account for small differences in testing environment were appropriate.

Generally, there was a good agreement between the experimental data collected for temperature
evolution at each cursor and the analytical model described in Eg. 6. Out of 144 total cursor
locations collected on 24 beams, 95 (66%) yielded R? > 0.98, and 136 (94%) yielded R? > 0.90.
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Only 4 outlier cursors yielded R? < 0.8. The cast beams generally provided the best curve fits
(Figure 6-8a; median R? = 0.99 for all cast beam cursors, compared to 0.96 for all cursors on 3D
printed beams), which is to be expected since they deviated the least from the conceptual model
of a solid cooling fin. As predicted by the summation series term presented in Eq. 1, the first
1000 s of beam testing generally presented lower temperatures, but starting the curve-fitting at
1000 s provided adequate time for that term to decompose and the exponential form to dominate
(Figure 6-8).

In agreement with the assumptions on the boundary conditions, there was a general reduction in
fitting quality near the end of the beams away from the heat source. For all samples, Cursors 1-4
had a mean R? value of 0.98, while Cursors 5 and 6 had a mean R? value of 0.95. Further from
the heat source, where less heat was being conducted, small variations in convection had a larger
effect on the temperature profile, so the beam was more prone to fluctuations in temperature
caused by small changes in room conditions. Additionally, this reduction in R? value was
primarily driven by the 4 outlier cursor fits having R? < 0.8 (mean R? = 0.54). These low-quality
fits (R? < 0.8) generally coincided with slightly reduced fit qualities for cursors closer to the heat
source (mean R? = 0.92 for cursors preceding poor-quality fits). This indicates that non-steady
state fit quality was occasionally impacted by small variations in testing conditions, likely with
changes in convection conditions greatly affecting cursors far from the heat source while only
slightly affecting those closer. The R? values for the other 44 Cursors 5 and 6 profiles was on par
with that of Cursors 1-4 (R? = 0.98 for each; Figure 6-8b). Even for the low-R? outlier cursors,
the fitted value obtained for 7ss was determined to be appropriate for use in the steady-state
model, as it represented a good central estimate for the steady-state temperature, despite the
lower signal-to-noise ratio (Figure 6-8c). This result further indicates that the experimental

approach was robust despite the potential for small changes in the testing environment.
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Figure 6-8. Experimental data and theoretical temperature profiles fitted to experimental data

starting at 1000 seconds for (a) a high-quality fit near the heat source (Cursor 1 for an HNC cast
beam); (b) a high-quality fit further from the heat source (Cursor 4 for an HNC 3DHC beam);
and (c) a low-quality fit (Cursor 6 for an HNC RL beam).

Using the 7&ss calculated for each cursor location with the unsteady-state model to fit the steady-

state model for each beam presented in Eq. 8 yielded high-quality fitting (R? > 0.997 for all
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beams tested). Examples of the steady-state temperature profile as a function of distance from

the heat source are shown for the OPC ink with each internal architecture in Figure 6-9. The

range for the dimensionless temperature @ for each beam was nearly 0 to 1 for all 3D printed

samples (Figure 6-9b-d), (and had to be constrained to prevent slightly negative values at for

Cursor 6 in some cases). Practically, this range occurred because the convective environmental

temperature (7e) was a fitted parameter, yielding temperatures that were very near or equal to the

Cursor 6 steady-state temperature (75ss). These Te values were significantly higher than what was

measured for the actual air temperature in the testing room (22.1 — 24.5 °C for 3D printed beams,

compared to 20.6 °C room temperature) leading to less difference between 7. and 7ss and 8

values near 0. This discrepancy is due to the relatively still air forming a boundary layer around

the beam with a higher temperature than the surrounding air. However, this was not the case for

the cast beams, as the flat top surface led to less stagnation of the air in the void structure,

allowing a greater difference between air and surface temperature (Figure 6-9a).
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Figure 6-9. Experimental data and theoretical temperature profiles for OPC ink beams (a) cast;

and with printed internal architectures: (b) rectilinear (RL), (c) 3-dimensional honeycomb
(3DHC), and (d) Archimedean chords (AC).

117



6.4. Conclusions

The effects of internal architecture and ink formulation on thermal properties for 3D printed
cement-composite beams were evaluated by using a novel approach that integrated a thermal
conduction experimental setup for real-time infrared thermal imaging and a conceptual 1-
dimensional heat transfer fin model for calculating the effective thermal conductivity of 3D
printed beam with complex internal architectures. Based on the presented results, the following

conclusions could be drawn:

e The difference in effective thermal conductivity between cement inks was smaller than
that for internal architectures, though the HNC ink consistently had lower thermal
conductivity than the OPC ink for each internal architecture type.

e The following clear progression was observed for internal architectures in order of
decreasing effective thermal conductivity, regardless of cement ink used: cast, RL,
3DHC, AC, with air voids and fewer direct conduction pathways resulting in reduced
conductivity.

e The experimental setup combined with the conceptual 1-dimensional heat transfer fin
model was found to be robust, producing results with a good degree of repeatability.

These findings suggest that internal architecture design and cement ink formulation can be used
to tune the thermal properties of 3D printed structures, and that the proposed experimental setup
can be used for a wide variety of internal architectures and material compositions for developing
construction-scale 3D printing technology to improve the thermal performance of building

envelopes.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

The effects of the 3D printing process and cement ink formulation on the chemo-mechanical and
thermal properties of 3D printed cement-based materials were studied. Results showed that the
extrusion shear forces required for filament formation and extrusion can result in dynamic
changes in the composition of extruded filaments compared to the original cement ink
formulation. These changes were shown to impact ink printability and multiscale mechanical
performance of printed filaments and structures. Cement inks, which did not adequately prevent
segregation from this mechanism were not consistently printable. Even for cement inks with
adequate printability, dynamic changes in filament composition and water-to-cement (w/c) ratio
resulted in the formation of high mechanical property (HMP) and low mechanical property
(LMP) filaments. Cement ink additives were found to impact the ink stability, with carbon
nanofibers (CNFs) found to cause underextrusion and generally reduce printability, resulting in
reduced macromechanical properties. Carbon microfibers (CFs) were found to preferentially
align in the direction of printing and reduce the impact of printing on compressive strength,
though CF-induced blockages periodically caused printing discontinuities. Halloysite nanoclay
(HNC) incorporation was found to increase filament stability and improve printability. However,
HNC incorporation did not prevent the formation of HMP and LMP filaments due to variations
in HNC concentration and clustering behavior. 3D printing was found to help break up HNC
clusters. HNC was also found to marginally reduce the thermal conductivity of printed
structures. A much larger effect on thermal conductivity was found for changes in the internal
architecture of printed structures caused by differences in void structures and heat conduction
pathways.

A summary of the primary conclusions from each of the main chapters of this dissertation, which
provides insight into the relationships between the 3D printing process, cement ink formulation,

and multiscale performance, follows:

Chapter 3: The effects of the printing process on the micromechanical properties of printed
filaments were examined through the use of statistical grid nanoindentation coupled with

environmental scanning electron microscopy and energy-dispersive X-ray spectroscopy
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(ESEM/EDS). Dynamic changes in the w/c ratio during the extrusion process combined with
stress-induced dissolution of the cement particles led to variation in the median modulus of the
printed filaments, with filaments having values greater than 23 GPa or lower than 20 GPa. All
extruded filaments and cast specimens (except the specimen cast with a higher w/c ratio) were
found to have four distinct micromechanical phases: one associated with the hydrated portions of
the microstructure, which accounted for the majority of all indents, one associated with
composite phases near the interfaces between hydrates and unhydrated particles, and two
associated with unhydrated particles. For the hydrated portion of the microstructure, hardness
values experienced significantly less impact than modulus, indicating that changes in phase
assemblage primarily impacted resistance to elastic deformation, not plastic deformation. In the
unhydrated portion of the microstructure, increased shear stresses associated with higher w/c
ratio resulted in partial dissolution of unhydrated cement particles, causing a reduction in
modulus and hardness values. The absence of separate peaks for different C-S-H morphologies
and a high proportion of mixed hydrate phases were attributed to the effects of the admixtures
required for printability on the hydration chemistry, particularly the deposition of CH. The
distribution of modulus values was also found to have been affected by extrusion through a small
diameter nozzle, which caused the printed filaments to have a more uniform mesoscale packing

of C-S-H compared to their traditionally cast counterparts.

Chapter 4: The effect of CNF and CF internal reinforcement on filament formation and
microstructure and macroscale mechanical properties was studied. Fiber type was found to have
a significant impact on the lubrication layer, with the CNF ink having the largest lubrication
layer due to CNF hydrophobicity. This resulted in characteristically underextruded filaments for
the CNF ink with a high amount of surface water. Consequently, CNF inclusion was determined
to promote segregation and reduce printability. For the CF ink, CFs were found to align in the
direction of printing, though occasional failure to properly align led to nozzle blockages and
discontinuous extrusion. Partial blockages of the printing nozzle resulted in zones of high- and
low-CF density in the microstructure, as fibers occasionally built up at the nozzle and were
discharged at once. While 3D printing resulted in lower seven-day compressive strength
compared to cast specimens, the addition of CFs within the cement ink reduced the strength
difference between the cast and printed cement composites and provided a strain softening in the

post peak behavior.
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Chapter 5: The effect of HNC on the chemo-mechanical behavior of a cement ink was
investigated. HNC incorporation was found to improve the stability of the cement ink, resulting
in increased printability with a reduced printing error rate. Visibly less surface water on extruded
filaments was also observed, indicating a reduction in ink segregation under extrusion pressure.
However, HMP and LMP filaments were still formed for the HNC ink, with the HNC ink having
HMP filaments with higher median modulus values (34 GPa) and the LMP filaments having
lower median modulus values (13 GPa) than the corresponding OPC ink filaments. The HNC ink
cast specimen had similar micromechanical properties as the OPC ink cast specimens. HNC
clusters, intermixed with hydration products, were observed in the microstructure. The extruded
filaments were found to have smaller clusters than the cast specimen, indicating that the printing
process helped to break up clusters. The HMP filament had a lower concentration of clustered
HNC than the LMP filament or cast specimen. The effect of HNC dispersed in the microstructure
was compared between the filaments and cast specimen through degree of hydration, the
concentration of Al rich hydrate phases, and pozzolanic activity. The LMP filament was found to
have the most HNC dispersed in the microstructure, followed by the HMP filament, then the cast
specimen. Changes in HNC concentration in filaments were attributed to migration during
extrusion and partial blockages in the printing nozzle, resulting in regions of high- and low-
concentration, similarly to that observed for the CFs. The presence of HNC in the HMP filament,
which had evidence of the least clustered and dispersed HNC, improved the density of the
microstructure compared to the cast specimen and the OPC ink filaments. In the LMP filament,
which had more clustered and dispersed HNC, HNC was thought to interrupt the hydrate phase
matrix, resulting in a more loosely-packed microstructure with lower micromechanical
properties, analogous to the effect of higher w/c ratio in the OPC ink LMP filaments. For the cast
specimen, which had the most HNC in the clustered state, the HNC’s effects on the
micromechanical properties were marginal. At the macroscale, specimens printed with the HNC
ink had similar average compressive and flexural properties as those printed with the OPC ink,
though with a significant reduction in variance. This was attributed to the improvement in
filament extrusion quality being offset by the behavior of HNC in the microstructure. This is
further evidenced by the behavior of the HNC ink cast specimens, which had a significant
reduction in strength compared to the OPC ink cast specimens absent the benefit of improved

printability or clusters being broken up by the printing process.
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Chapter 6: The effects of internal architecture and HNC incorporation on thermal behavior were
studied. Comparative effective thermal conductivities were evaluated by analyzing results based
on a conceptual model. A printed beam with one end exposed to a heating source was modeled
as a cooling fin conducting heat away from a heat source to disperse heat by convection. The
unsteady-state temperature profile of each beam was analyzed at several distances from the heat
source to estimate the steady-state behavior as a function of distance from the heat source. The
estimated steady-state behavior was then used to model the steady-state temperature profile of
the whole beam as a function of distance from the heat source. From this, a value which is
proportional to the effective thermal conductivity constant of the beam could be calculated. This
value allowed effective thermal conductivity to be compared between beams with different
internal architectures and ink formulations. Internal architecture was found to have a larger
impact on thermal conductivity than HNC incorporation, with differences in void structure and
conductivity pathways resulting in a hierarchy of thermal conductivity by internal architecture.
The cast specimens were found to have the highest thermal conductivity, as conduction directly
along the beam was allowed. Thermal conductivity was lowest for the AC pattern, which did not
have connecting filaments throughout the beam, resulting in a greater than 75% reduction in
thermal conductivity compared to the cast. The 3DHC pattern had increased thermal
conductivity compared to the AC pattern, followed by the RL pattern. The effect of HNC was
comparatively small, though it did result thermal conductivity being reduced by 3 — 14%,
depending on internal architecture. The analytical model was found to produce results with a
high degree of repeatability, with the standard deviation being 7% of the average value or less

for comparative effective thermal conductivity for all specimen types.

Future Work: Based on the research presented in this dissertation, addressing the following

questions in future work is recommended:

e Micromechanical anisotropy in printed filaments: Is there a directionality in

micromechanical properties of printed filaments based on orientation caused by the
proposed alignment of mesoscale C-S-H during printing?

e HNC concentration and clustering in cement ink formulations: Can HNC’s dispersion

qualities and effect on the microstructure be influenced by changing the concentration of
HNC in the cement ink or alternative dispersion methods (e.g., sonication)?
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Using HNC to improve printability for inks with CNF: Can the improvement in ink

stability from HNC incorporation be used to improve the printability of cement inks with
CNFs or help promote CNF dispersion?

Influence of fiber reinforcement on thermal performance: How do different types of short

fiber reinforcement impact the thermal behavior of printed structures, and how is thermal

anisotropy influenced by fiber alignment in the direction of printing?
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APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Table A-1. Ranges of mean modulus values of the peaks determined via statistical deconvolution
analysis of grid nanoindentation data for the high and low mechanical property (HMP and LMP)

filaments and reference cast cement pastes.

Peak 1 (GPa) Peak 2 (GPa) Peak 3 (GPa) Peak 4 (GPa)

HMP filaments? 20.2-26.0 27.4-39.0 47.7-86.3 78.1-105.5
LMP filaments® 12.7-17.6 18.7-26.3 33.3-53.7 40.4-61.0
Cast — w/c=0.3° 23.5-27.8 32.7-44.4 88.1-106.3 103.7-115.4

@ Ranges based on 6 HMP filaments obtained across 3 printed structures.
b Ranges based on 3 LMP filaments obtained across 3 printed structures.

¢ Ranges based on 3 cast replicates.

Table A-2. Ranges of mean hardness values of the peaks determined via statistical deconvolution
analysis of grid nanoindentation data for the high and low mechanical property (HMP and LMP)

filaments and reference cast cement pastes.

Peak 1 (GPa) Peak 2 (GPa) Peak 3 (GPa) Peak 4 (GPa)

HMP filaments? 0.9-11 1.4-2.2 6.4-9.2 9.2-10.5
LMP filaments® 0.8-1.0 1.4-2.1 4.7-7.2 6.6-8.4
Cast —w/c=0.3° 0.8-1.0 1.3-2.2 8.0-8.9 10.3-10.9

@ Ranges based on 6 HMP filaments obtained across 3 printed structures.
b Ranges based on 3 LMP filaments obtained across 3 printed structures.

¢ Ranges based on 3 cast replicates.

Table A-3. Modulus deconvolution parameters for representative 3D printed filaments and cast

specimens.
Peak 1 Peak 2 Peak 3 Peak 4
p+o (GPa) Wit% p+o (GPa) Wit% pto (GPa) Wit% pto (GPa) Wit%
HMP filament 25.8+4.4  69.8 367+76 116 795+304 136 1055+52 50
LMP filament  17.6+28 720 263+59 131 537+116 100 61.0+3.1 4.8
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Cast —

247+5.0 70.8 38.6 +8.8 13.1 93.6 +20.7 12.3 103.7 £5.8 3.8
w/c=0.3
Cast —
17.1+4.6 79.1 26.3+9.0 175 81.5+26.3 3.3 - -
w/c=0.5

Table A-4. Hardness deconvolution parameters for representative 3D printed filaments and cast

specimens.
Peak 1 Peak 2 Peak 3 Peak 4
n+o(GPa) Wit% p+o(GPa) Wit% p+o(GPa) Wit% n+o(GPa) Wit%
HMP filament  1.1+0.2 726 1.8+0.6 10.3 7.1+35 115 105+0.5 5.6
LMP filament  1.0+0.2 75.7 2.1+08 10.6 72+19 8.0 8.4+0.4 5.7
Cast —
1.0+0.3 74.9 22+1.0 9.6 8.9+2.8 9.8 10.3+05 5.6
w/c=0.3
Cast —
0.6+0.2 83.3 135+07 138 8.4+29 3.0 - -
w/c=0.5
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